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(57) ABSTRACT 

The present invention provides a cell culture enriched for 
sphingolipid enhances neural stem cells (SENSe), particu 
larly oligodendrocyte precursor cells (ODPCs), that do not 
form teratomas after transplanted in vivo. Methods for pro 
ducing and use of the invention ODPCs or the cell culture 
enriched with these ODPCs for stem cell therapy are also 
provided. The invention method comprises culturing a stem 
cell culture with a cell culture medium comprising a ceramide 
compound and a S1P receptor agonist in sequence, overlap 
ping intervals or concurrent manners. The present invention 
further provides a cellular or gene therapy using a composi 
tion comprising a ceramide compound in conjunction with a 
S1P agonist to proliferate or differentiate endogeneous neu 
ral stem cells to ODPCs and further to oligodendrocytes. 

19 Claims, 17 Drawing Sheets 
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Figure 1B 
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Figure 2A 
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Figure 3A 
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Figure 3C 
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Figure 4A 
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Figure 5 
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Figure 6 
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Figure 8 
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OLGODENIDROCYTE PRECURSORCELL 
COMPOSITION AND METHODS OF USE 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application claims priority benefit to U.S. Provisional 
Application No. 61/063,315, filed Feb. 4, 2008, the entire 
contents of which are incorporated by reference herewith. 

ACKNOWLEDGMENT OF FEDERAL 
RESEARCHSUPPORT 

This invention was made with government Support under 
Grant Number R01 NS046835 awarded by the National Insti 
tutes of Health. The government has certain rights in the 
invention. 

FIELD OF THE INVENTION 

This invention relates generally to stem cells and to differ 
entiated or partially differentiated neural or glia cells derived 
therefrom. The present invention also relates to methods of 
producing, differentiating and culturing the stem cells of the 
invention, and to uses thereof, for treating neurodegenerative 
diseases. 

BACKGROUND ART 

Sphingolipids: An Enigmatic Species of Cell Signaling Lip 
ids 
The term sphingolipids dates back to 1884 when the Ger 

man pathologist and “father of neurochemistry' Johann Lud 
wig Wilhelm Thudichum (1829-1901) first described a class 
of new lipids derived from the base sphingosine (FIG. 1A) 
1. He coined the term “sphingolipids' (from Greek "sphin 
gos', genitive of Sphinx), Suggesting they were mysterious as 
the Sphinx herself. To date, more than hundred different 
sphingolipids are known. They are essential components of 
cellular membranes and have been implicated in a variety of 
biological functions (FIG. 1B). Among these, their roles as 
pro- or anti-apoptotic and pro- or anti-proliferative signaling 
lipids are the most important. To establish a profile of these 
functions for individual sphingolipids is difficult because of 
their rapid metabolic interconversion (FIG. 1B). 

Ceramide is a membrane-resident sphingolipid and meta 
bolic precursor for sphingosine, sphingosine-1-phosphate 
(S1P). ceramide-1-phosphate, sphingomyelin, and glycosph 
ingolipids (FIGS. 1A and B). In addition to being important in 
stabilizing cellular membranes, sphingolipids have emerged 
as second messenger lipids in cell signaling pathways that 
regulate apoptosis, cell polarity, and differentiation. The abil 
ity of sphingolipids to form lipid microdomains or rafts deter 
mines their unique role as interface between extracellular 
growth factors or cytokines, and intracellular cell signaling 
pathways. Of particular significance is the enzymatic conver 
sion of sphingomyelin to ceramide in the cell membrane, 
which is triggered by pro-apoptotic cytokines (FIG. 1A). 
A major drawback in understanding the function of sphin 

golipids is that it is mostly not known with which proteins 
they interact. Binding partners and even specific binding 
domains have been identified for many other signaling lipids. 
For example, diacylglycerol, an important pro-proliferative 
lipid, interacts with the C1 domain of classical protein kinase 
C (PKCO.) and protein kinase D (PKD) 15-19. Phophoinosi 
tols, another class of signaling lipids, bind to the pleckstrin 
homology (PH) domain 19, 20. Once a protein domain of 
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2 
this type has been identified it can be predicted from the 
amino acid sequence that the protein will bind to the cognate 
lipid. For sphingolipids, binding partners have only been 
specified for ceramide 2, 8, 21-30. ceramide-1-phosphate 
31-33, S1P 34-37, and some gangliosides (e.g. GM1). In 
most cases) it is still not clear, which conserved protein 
domain will interact with a particular sphingolipid. 
The “classical interaction partners of ceramide are cera 

mide-activated protein phosphatase(s) 22, 23.38 and kinase 
(s) 8, 24, 25, 27, 28, 30, 39-43. Recent studies have shown 
that ceramide activation of protein phosphatase 1 (PP1) alters 
splicing of B-cell lymphoma X (bcl-X) and caspase 9 from 
anti- to pro-apoptotic proteins 44. Ceramide-activated pro 
tein phosphatase 2A (PP2A) is involved in de-phosphoryla 
tion of a variety of key factors in cell signaling pathways 
regulating proliferation, apoptosis, and differentiation 22, 
38, 45. 

Within the group of protein kinases, kinase Suppressor of 
Ras (KSR)46, 47, PKCö 42,43), and aPKC 2, 3, 8, 24-28, 
45 have been found to be activated by ceramide. In the last 
ten years, activation of aPKC by ceramide was independently 
confirmed by several groups 2,8,24-28. A relative of the C1 
domain, the C1 B domain was identified in the amino acid 
sequence of PKCö and aPKC. Because of its structural simi 
larity to diacylglycerol, ceramide has been suggested to bind 
to this domain 15, 40-42. It was not until recently, however, 
that evidence for direct binding of aPKC to ceramide was 
found 2, 8, 24, 26, 27. These studies have focused on aPKC 
based on its affinity to ceramide and novel ceramide analogs 
2.8. Ceramide and most likely many ceramide analogs form 
organized lipid microdomains or rafts in the cell membrane 
26, 48-54). These rafts may allow for repeated and multiple 
binding (avidity) of ceramide-associated proteins, thereby 
enhancing the formation of protein complexes with cell sig 
naling functions. Therefore, it is tempting to speculate that 
ceramide-induced rafts and associated protein complexes 
form an initial platform for growth factor or cytokine-depen 
dent cell signaling pathways. 
Lipid Rafts, and Sphingolipid-Induced Protein Scaffolds 
(SLIPS): A Platform for Cell Signaling Pathways 

Three major cell signaling pathways are regulated by 
cytokines and growth factors that activate sphingomyeli 
nases, a group of acidic or neutral pH-dependent enzymes 
that elevate the ceramide concentration in the cell membrane 
by catalyzing the hydrolysis of sphingomyelin (FIG. 1A). 
Two of these cell signaling pathways, CD95/FasL 52, 53. 
55-58 and TNFO. 30, 46, 48, 59-62, are known to induce 
apoptosis in a variety of cell types by the activation of acid 
sphingomyelinase (ASMase). In contrast to the cytokine 
activated receptors, the p75NTR cell signaling pathway is not 
a priori pro-apoptotic. The neurotrophin receptor p75NTR is 
expressed by many neural cell types and induces axonal out 
growth in the peripheral nervous system when stimulated 
with nerve growth factor (NGF) 63-67. 

However, evidence has amounted that p75NTR-induced 
apoptosis is a major factorin neurodegenerative diseases Such 
as Alzheimer's disease 68-76. This apparently paradoxical, 
dual function of p75NTR, pro-apoptotic or pro-outgrowth, 
has been explained by a model Suggesting that the effect of 
p75NTR activation depends on heterodimerization with other 
neurotrophin receptors 77-87). If p75NTR forms het 
erodimers with tropomyosin-related kinase A (trkA), a 
tyrosine kinase receptor, activation of the chimeric receptor 
induces axonal outgrowth. However, if p75NTR forms 
homodimers binding of NGF to p75NTR activates neutral 
sphingomyelinase (NSMase), which then generates ceramide 
and may induce apoptosis. 
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For a long time, ceramide was stigmatized as being an 
exclusive inducer of apoptosis. This bias resulted mainly 
from experiments that used a short chain analog of ceramide, 
N-acetyl sphingosine (C2 ceramide) to test the induction of 
apoptosis by ceramide. C2 ceramide is ideally Suited as 
medium Supplement because its water solubility is several 
fold higher than that of physiological ceramide species (e.g., 
N-palmitoyl sphingosine or C16. ceramide). However, recent 
advances in administering ceramide with long fatty acid 
chains and the development of novel ceramide analogs has 
clearly shown that ceramide has additional, non-apoptotic 
functions 2, 3, 7, 8, 88-92. In particular, it has demonstrated 
that the pro- or non-apoptotic function of ceramide depends 
on effectors that modulate the activation of ceramide-associ 
ated proteins 2-5. 

Ceramide has been shown to form microdomains or rafts 
within cellular or synthetic membranes 26, 41, 48,51,54, 56. 
93. Lipid rafts are originally characterized by being 
insoluble in detergent. Using this unique feature to isolate 
rafts many membrane-resident proteins have been character 
ized as being raft or non-raft proteins. Unfortunately, it has 
turned out to be difficult to directly visualize these rafts, 
which is important to show their biological significance. One 
of the main reasons for this shortcoming was the unavailabil 
ity of antibodies against membrane lipids. With respect to 
ceramide, this has been tremendously improved within the 
last couple of years 94, 95. For example, a novel antibody 
against ceramide has been developed that was used to deter 
mine the polarized distribution of ceramide in membrane 
protrusions of neural cells and apical cell membranes of 
primitive ectoderm cells 3,95. 
How would the polarized distribution of ceramide in lipid 

rafts Support its function as second messenger lipid for cell 
signaling pathways? Ceramide is mainly distributed to three 
compartments of the cell. De novo biosynthesis of ceramide 
from serine and plannitoyl-CoA takes place in the endoplas 
mic reticulum (ER) 96-99. The hydrophobic alkyl chain of 
sphingosine and the fatty acid residue are buried within the 
membrane, while the polar head group of the sphingosine 
(serine) portion faces the cytosol. From the ER, ceramide is 
transported to the Golgi via ceramide transport protein 
(CERT) 97, 100. In the Golgi, ceramide is derivatized by 
attaching phosphorylcholine or glyosyl groups, which gener 
ates sphingomyelin or glycosphingolipids, respectively. At 
this point, the polar head group has flipped from the cytosolic 
to the lumenal part of the Golgi. Sphingomyelin and gly 
cosphingolipids are transported to the cell membrane, the 
polar head group facing the outside of the cell. It becomes 
clear that any association of ceramide with cytosolic proteins 
will first require flipping the polar head group back to the 
inside of the cell. 

It should be noted that other compartments, in particular 
mitochondria, the nucleus, and lysosomes contain ceramide 
pools as well. Ceramide has been Suggested to open a mito 
chondrial transition pore, which releases pro-apoptotic pro 
teins such as cytochrome c and apoptosis inducing factor 
(AIF) 101, 102. In the nucleus, ceramide could affect the 
alternative splicing of RNA encoding pro- or anti-apoptotic 
proteins, or cause an imbalance of calcium levels 103, 104. 
The lysosomes are known to generate ceramide via activation 
of acid sphingomyelinase, an enzyme affected in Niemann 
Pick disease 105. It has shown that elevation of ceramide in 
mitochondrial-associated membranes (MAM) of the ER 
induces a pro-apoptotic aPKC/PAR-4 complex that prevents 
activation of NF-kB 2. However, it is also found that the 
non-apoptotic functions of ceramide are intimately linked to 
ceramide localized at the cell membrane. 
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4 
FIG. 2A depicts a working model that shows how the 

localized and receptor-mediated activation of SMases gener 
ates a ceramide raft. It should be noted that ASMase is local 
ized at the outer leaflet, while NSMase is at the innerleaflet of 
the cell membrane 56, 58, 106. Accordingly, activation of 
ASMase generates ceramide first at the outer leaflet, which is 
followed by flipping of the polar ceramide head group to the 
inner leaflet of the membrane. In contrast to ASMase, recep 
tor-activated generation of ceramide by NSMase will first 
require flipping of the polar SM head group to the inner 
leaflet. Once ceramide is enriched at the inner leaflet, ceram 
ide-binding proteins such as aPKC will initiate a sphin 
golipid-induced protein scaffold (SLIPS), a protein complex 
proposed by our group for the first time 1. A SLIPS pro 
motes microtubule formation and as a result, protrusion of the 
membrane. Depending on the effect of the receptor on 
SMases (activating or inhibiting), binding of a growth factor 
or cytokine may enlarge ceramide or SM microdomains, 
respectively. Intriguingly, studies with synthetic model mem 
branes have shown that ceramide and SM form microdomains 
that are segregated from each other 50, 51, 58.93. Hence, 
receptor activation will polarize the distribution of these two 
sphingolipids when the ceramide microdomain expands. 
Release of ceramide by SMases is an enzymatic process: 
receptor activation by binding of just one growth factor or 
cytokine molecule may generate many more ceramide mol 
ecules that organize themselves in microdomains or rafts. 

It has been shown that ceramide can rapidly flip from the 
outside to the inside of the cell membrane 107. Flipping of 
SM has been suggested to go in hand with externalization of 
phosphatidylserine and may involve a phospholipid binding 
protein termed "scramblase' or “flippase” (108-111. Hence, 
accumulation of ceramide or SM in rafts at the outer mem 
brane leaflet will quickly generate an equivalent micro 
domain facing the cytosol. There is indirect evidence for this 
"inner leaflet microdomain coming from a recent study 
showing that the isolated ceramide raft fraction contains 
aPKC, clearly a ceramide-associated, cytosolic protein 26. 
There is also evidence that “phosphatase and tensin homolog 
deleted on chromosome ten” (PTEN), another cytosolic pro 
tein, is associated with ceramide rafts 112. This, however, 
may not involve direct binding of PTEN to ceramide but 
association with a protein complex organized at the ceramide 
raft. 

Immunocytochemistry for sphingomyelin and ceramide 
was used to determine the distribution of these two sphin 
golipids in the cell membrane of neural progenitor or precur 
sor cells (NPCs) (FIG. 2B). Although sphingomyelin and 
ceramide domains are in close vicinity to each other, they 
show only little overlap in their membrane distribution. This 
result is consistent with a model in that ceramide, once gen 
erated from sphingomyelin, organizes itselfin separate lipid 
domains. Notably, ceramide is mainly distributed to a peri 
nuclear compartment and the tip of membrane protrusions. 
These protrusions may represent 'sphingopodia', a term 
refers to the polarized distribution of ceramide in 
microspikes, filipodia and lamellipodia 95. Fluorescence 
resonance energy transfer (FRET) was used to confirm the 
direct association of ceramide with aPKC in the ceramide 
rich perinuclear compartment 2. FRET is a technique that 
utilizes the direct, radiation-free energy transfer from one 
fluorophore to another one when they are close together (<10 
nm). FIG. 2C shows initial studies obtaining a Cy3-to-Cy5 
FRET signal from C-tubulin (bound to Cy3-conjugated anti 
body) to ceramide (bound to Cy5-conjugated antibody) in 
membrane protrusions of NPCs. In summary, these studies 
support the model shown in FIG. 2A in that one of the non 
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apoptotic functions of ceramide may be the regulation of cell 
polarity and assembly of microtubules. 
Ceramide and S1P: Key Regulators of StemCell Polarity and 
Apoptosis 
A potential non-apoptotic function of ceramide is dis 

cussed above. The following discussion focuses on the 
mechanism underlying this function and how it is regulated. 
Studies have shown that the non-apoptotic function(s) of 
ceramide depend on a low expression level of PAR-4, a pro 
tein that inhibits ceramide-associated aPKC. It is found that 
there are three stages during embryonic stem (ES) cell differ 
entiation at which expression of PAR-4 is absent or low: 
undifferentiated ES cells, suspension EBs, and NPCs 2-5. 
113. Recently, it is reported that in suspension EBs, ceramide 
is essential for the polarity of primitive ectoderm cells 3. 
Ceramide depletion prevents membrane association of aPKC, 
disrupts the interaction between aPKC and Cdc42, and results 
in decreased phosphorylation of GSK-3B. The ceramide ana 
log S18 restores primitive ectoderm formation, indicating 
that it is ceramide and not one of its derivatives that regulates 
cell polarity, Suggesting a regulatory effect of ceramide on the 
non-canonical Wnt or cell polarity pathway. 
A working model shown in FIG. 3A explains the function 

of ceramide for cell polarity in NPCs and other cell types. 
Based on the observation that ceramide microdomains co 
distribute or even associate with microtubules (FIGS. 2A and 
C) 1-1,95, the effect of ceramide-associated aPKC on GSK 
3f was evaluated. GSK-3? phosphorylates many proteins 
that regulate cell adhesion or formation of microtubules. Key 
factors are 3-catenin, adenomatous poliposis coli (APC), and 
t-protein 114-122. Phosphorylation of B-catenin by GSK 
3|B renders it susceptible to proteolytic degradation 116. 
while hyperphosphorylation of t causes its aggregation in 
tauopathy, a neurodegenerative disorder that is also involved 
in the etiology of Alzheimer's disease 114, 119, 120. Phos 
phorylation of APC by GSK-3? disrupts its function in sta 
bilizing the plus end of microtubules 116. According to this 
model, ceramide-induced activation of aPKC results in 
aPKC-dependent phosphorylation and inactivation of GSK 
3f. Hence, ceramide and S18 should stabilize microtubules, 
while ceramide depletion de-stabilizes them (FIG. 3A). 

FIG. 3C shows that among the factors that regulate adher 
ens junctions and microtubules, ceramide-activated aPKC 
and PP2a may complement each other. It is known that PP2a 
de-phosphosphorylates -catenin, APC, and T 115, 120. 
Hence, loss of phosphorylation by ceramide-mediated inac 
tivation of GSK-3B (via ceramide-activated aPKC) and 
enhanced de-phosphorylation by ceramide-activated PP2a 
should act synergistically on promoting the stability of micro 
tubules. Interestingly, GSK-3? can also phosphorylate and 
inactivate PP2a 123. Therefore, ceramide can activate PP2a 
in two ways: by direct binding to PP2a and by inactivating 
GSK-3? (via aPKC-mediated phosphorylation). In contrast 
to this, ceramide-activated PP2a may also de-phosphorylate 
GSK-3?, thereby antagonizing phosphorylation of GSK-3? 
by ceramide-activated aPKC 124. 

PAR-4 is a leucine zipper protein with several functions. It 
was discovered by differential hybridization to identify pro 
apoptotic genes expressed in androgen-dependent prostate 
cells 125. Using two hybrid assays it was found to be an 
inhibitor of aPKC and transcriptional co-repressor of Wilms 
tumor suppressor 1 (WT1) 126, 127. Recently. PAR-4 has 
gained attention due to its multifaceted function in neural 
cells. It has been suggested to contribute to neurodegenera 
tion in Alzheimer's and Parkinson's disease, and to the etiol 
ogy of amyotrophic lateral sclerosis and stroke 86, 128-132). 
In addition to its pro-apoptotic functions, PAR-4 has been 
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6 
shown to regulate the activity of choline acetyltransferase, to 
inhibit choline uptake, and to regulate synaptic plasticity 
133-135. PAR-4 has been found to be temporarily associ 
ated with the actin cytoskeleton 136. It has also been 
reported that a short form of PAR-4 acts as dominant negative 
regulator of apoptosis by forming actin-associated het 
erodimers with the pro-apoptotic long form of PAR-46. 
When the pro-apoptotic form of PAR-4 is expressed, the 

non-apoptotic effect of ceramide changes fundamentally. 
Using lipid vesicles made of ceramide and phospholipids 
(termed lipid vesicle-mediated affinity chromatography or 
LIMAC) it was found that association of aPKC with ceramide 
enhances the affinity of aPKC to its inhibitor PAR-42. In the 
presence of PAR-4, ceramide does not activate aPKC, but on 
the contrary, enhances its inhibition by PAR-4 (FIG. 3B). 
Because of this, an initial non-apoptotic or even pro-Survival 
function of ceramide can rapidly turn into the induction of 
apoptosis. 

In addition to its immediate cell signaling function, cera 
mide serves as metabolic precursor for another important cell 
signaling lipid, S1P Ceramide is hydrolyzed by ceramidase 
to sphingosine, which is then phosphorylated by sphingosine 
kinase 1 or 2 (SK1 or 2) to S1P (FIG. 1A) 137-144. S1P is 
a soluble ligand that binds and activates five isoforms of the 
S1P receptor 21, 34-36, 39, 145-147). Knockout mice for 
SK1&2 or S1P receptors have clearly demonstrated the 
essential function of S1P for vascular and neural development 
138. Recent studies indicate that one of the functions of S1P 

is to counterbalance ceramide-induced apoptosis 88, 141, 
148. S1P is known to increase phosphorylation of p42/ 
44MAPK and Akt (protein kinase B), two important protein 
kinases that inactivate the pro-apoptotic proteins Bad and Bax 
(FIG. 3D) 1, 113, 145, 149-155). Unlike S1P ceramide has 
been shown to reduce the activity of p42/44-MAPK and Akt 
26, 113, 154, 156. Hence, ceramide and S1P may counter 
regulate the phosphorylation of Bax and Bad, thereby con 
trolling apoptosis and cell survival (FIG. 3D). 
Pluripotency Factors and Stem CellDerived-Tumors: Active 
Elimination of Risky Stem Cells with Ceramide Analogs 

Embryonic stem (ES) cells represent a powerful model 
system for the investigation of mechanisms underlying pluri 
potent cell biology and differentiation within the early 
embryo, as well as providing opportunities for genetic 
manipulation of mammals and resultant commercial, medical 
and agricultural applications. Furthermore, appropriate pro 
liferation and differentiation of ES cells can be used to gen 
erate an unlimited source of cells Suited to transplantation for 
treatment of diseases that result from cell damage or dysfunc 
tion. Other pluripotent cells and cell lines including early 
primitive ectoderm-like (EPL) cells as described in Interna 
tional Patent Application WO99/53021, in vivo or in vitro 
derived ICM/epiblast, in vivo or in vitro derived primitive 
ectoderm, primordial germ cells (EG cells), teratocarcinoma 
cells (EC cells), and pluripotent cells derived by dedifferen 
tiation, reprogramming or by nuclear transfer will share some 
or all of these properties and applications. 
The ability to tightly control differentiation or form homo 

geneous populations of partially differentiated or terminally 
differentiated cells by differentiation in vitro of pluripotent 
cells has proved problematic. Uncontrolled differentiation 
produces mixtures of pluripotent stem cells and partially dif 
ferentiated stem/progenitor cells corresponding to various 
cell lineages. When these ES-derived cell mixtures are 
grafted into a recipient tissue the contaminating pluripotent 
stem cells proliferate and differentiate to form tumors, while 
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the partially differentiated Stem and progenitor cells can fur 
ther differentiate to form a mixture of inappropriate and 
undesired cell types. 

It is well known from studies in animal models that tumors 
originating from contaminating pluripotent cells can cause 
catastrophic tissue damage and death. In addition, pluripotent 
cells contaminating a cell transplant can generate various 
inappropriate stem cell, progenitor cell and differentiated cell 
types in the donor without forming a tumor. These contami 
nating cell types can lead to the formation of inappropriate 
tissues within a cell transplant. These outcomes cannot be 
tolerated for clinical applications in humans. Therefore, 
uncontrolled ES cell differentiation makes the clinical use of 
ES-derived cells in human cell therapies impossible. 

Therefore, one of the major perils using stem cells for 
therapy is their ability to maintain or (re-) adopt a pluripotent 
state that endows them with the capacity of forming teratomas 
(stem cell-derived tumors). Teratoma formation has been 
reported in roughly half of the studies using embryonic stem 
(ES) cell-derived stem cell grafts 5, 9, 157-167. The risk is 
inversely proportional to the differentiation stage. The more 
differentiated the stem cells, the lower the probability of 
teratoma formation. However, even genetically re-pro 
grammed adult cells, regardless of initially being stem cells or 
differentiated cells, form teratomas if endowed with pluripo 
tency factors 168. Therefore, techniques are needed to pre 
vent teratoma formation from stem cell transplants. 

Teratoma formation from ES cells can be avoided by dif 
ferentiating these cells to a particular progenitor stage that 
allows for repeated self-renewing of the progenitor cells. 
Continuous passaging of neural progenitors will eventually 
"dilute out” pluripotent cells and minimize the risk of terato 
mas. However, in stem cell therapy, size matters. In experi 
ments with mice, the number of transplanted cells is usually 
in the range of 10-10° cells/injection. This number is pre 
determined by the injection technique: the small volume of 
the cell Suspension does simply not accommodate a larger 
number of cells if a single dose is injected. A human brain, 
however, is 1000-times larger than a mouse brain. It is ques 
tionable that this low number of cells will be able to repair 
tissue, in particular, if it is not desired that the cells retain the 
capacity of repeated cell division after transplantation. Stud 
ies have shown that within a population of embryoid body 
derived cells at the stage of generating NPCs, up to 30% of the 
cells may retain pluripotency and therefore, pose a serious 
risk of teratoma formation 5. 

Stem cell therapy without techniques actively eliminating 
teratoma forming cells may be successful if combined with 
genetic engineering of the transplanted cells. Fluorescent or 
Surface proteins expressed under the control of a progenitor 
specific promoter (e.g., nestin, Sox-1, Olig-2) have been used 
to “purify NPCs or oligodendrocyte precursors by fluores 
cent or magnetic activated cell sorting (FACS or MACS) and 
to rid them of residual pluripotent cells 169-172. Con 
versely, fluorescent protein expression under the control of 
the Oct-4 promoter can be used to remove pluripotent stem 
cells or to confirm loss of pluripotency in the graft. However, 
these methods will need stable transfection with a transgene 
that will be present in the graft, regardless of the gene product 
being expressed or not. While certainly feasible for animal 
studies, it will add another layer of intricacy for approval in 
human stem cell therapy. 

Alternatively, residual pluripotent stem cells can be elimi 
nated by harnessing an intrinsic sensitivity toward apoptosis 
inducers. It has been shown that these cells co-express the 
pluripotency marker Oct-4 and the apoptosis sensitizer 
PAR-45. As discussed above, PAR-4 is an inhibitor protein 
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that binds to aPKC when associated with ceramide. Inhibition 
of aPKC induces apoptosis. Hence, simply incubating differ 
entiating ES cells at the stage of forming NPCs with a cera 
mide analog S18 eliminates Oct-4-(+) cells because they are 
sensitized to ceramide due to the co-expression of PAR-4. 
These studies have shown that this technique can be used to 
prevent teratoma formation when transplanting neural stem 
cells derived from ES cells 5. 

Active elimination of teratoma forming stem cells from a 
graft using ceramide analogs was possible because the pro 
tein expression profile, in particular pluripotency and sensi 
tivity to apoptosis inducers, in these cells was determined. 
However, it has been also found that a small portion (<5%) of 
useful NPCs express PAR-4, thus, are still sensitive toward 
ceramide. These cells, termed NPC2 cells, express the sphin 
gosine-1-phosphate receptor 1 (S1P) that induces anti-apo 
ptotic cell signaling pathways when activated by binding to 
S1P 10-14. 

There is still a need, therefore, to identify methods and 
compositions for the production of a population of cells 
enriched in neural stem cells that do not form teratomas, and 
the products of their further differentiation, and in particular, 
human neural and/or glial cells and their products. 

SUMMARY OF THE INVENTION 

The present invention provides a cell culture enriched for 
sphingolipid enhanced neural stem cells (SENSe), preferably 
sphingosine-responsive glial cells, and more preferably oli 
godendrocyte precursor cells (ODPCs). The ODPC enriched 
cell culture of the present invention does not form teratomas 
when transplanted in vivo. The present invention further pro 
vides a method of producing an ODPC enriched cell culture in 
vitro that does not form teratomas, and is capable of further 
differentiating into dendrocyte cell types. Such method com 
prises the steps of: a) contacting a pluripotent stem cell cul 
ture with a medium comprising a ceramide compound, and b) 
contacting the pluripotent stem cell culture with a medium 
comprising a sphingosine-1-phosphate (S1P) receptor ago 
nist to produce an ODPC enriched cell culture. Culturing with 
ceramide compound or S1P receptor agonist can occur in 
either sequence, in overlapping intervals or concurrency. 

In certain embodiments, the ceramide compound is 
selected from the group consisting of N-(2-hydroxy-1-(hy 
droxymethyl)ethyl)-oleoylamide (“S18), N-(2-hydroxy-1- 
(hydroxymethyl)ethyl)-palmitoylamide (“S16”), N,N-bis(2- 
hydroxyethyl)palmitoylamide (“B16); N,N-bis(2- 
hydroxyethyl)oleoylamide (“B18); N-tris(hydroxymethyl) 
methyl-palmitoylamide (“T16); N-tris(hydroxymethyl) 
methyl-oleoylamide (“T18); N-acetyl sphingosine (“C2 
ceramide'); D-threo-1-phenyl-2-decanoylamino-3- 
morpholino-1-propanol (“D-threo-PDMP); D-threo-1- 
phenyl-2-hexadecanoylamino-3-morpholino-1-propanol 
(“D-Threo-PDMP); D-erythro-2-tetradecanoyl-1-phenyl-1- 
propanol (“D-MAPP); D-erythro-2-(N-myristoylamino)-1- 
phenyl-1-propanol ("MAPP), N-hexanoylsphingosine (C6 
ceramide), analogs, functional homologues or equivalents, 
isomers, and pharmaceutically acceptable salts thereof. In 
one embodiment, the ceramide compound is S18. In yet cer 
tain embodiments, the present invention also contemplates 
the treatment of a pluripotent cell culture in a medium com 
prising an amphiphilic lipid compound selected from the 
group consisting of a ceramide compound, a sphingosine 
compound, and a hydroxyalkyl ester compound. 

In certain embodiments, the sphingosine-1-phosphate 
(S1P) receptor agonist is selected from the group consisting 
of S1P 2-amino-2-[2-(4-octylphenyl)ethylpropane-1,3-diol 
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(FTY720), a FTY720 analogue having 4(5)-phenylimidazole 
ring system (KRP-203), a phosphonic and thiophosphoric 
acid derivative of lysophosphatidic acid (LPA) and LPA 
receptor agonist, a tetraaromatic compound SEW2871, and 
functional homologues or equivalents, isomers, and pharma 
ceutically acceptable salts thereof. In one embodiment, the 
sphingosine-1-phosphate receptor agonist is FTY720. 
The present invention further provides a composition com 

prising a culture of ODPCs derived in vitro from a pluripotent 
stem cell cultured with a cell culture medium comprising a 
ceramide compound and cell culture medium comprising a 
sphingosine-1-phosphate receptoragonist. These ODPCs are 
also termed sphingosine-responsive glia (SRG) because they 
can exhibit stellate morphology to endogenous neural stem 
cells found in adult brain, and express the neural stem cell 
markers, including but not limited to, nestin and Sox2, at 
approximately the same level as embryonic cells, and further 
can express significantly higher levels for other neural pre 
cursor markers, including but not limited to, sphingosine 
kinase 2 (SK2), the Sphingosine-1-phosphate receptor 1 (or 
epithelial differentiate gene 1, Edg1), EGF receptor (EGFR), 
and cyclic nucleotide phosphatase (CNPase). Moreover, the 
ODPCs obtained from differentiating pluripotent stem cells 
using the method of the present invention further can express 
the oligodendrocyte precursor markers, including but not lim 
ited to, A2B5, GFAP, and NG2 proteoglycan, suggesting that 
these pluripotent stem cell-derived or induced sphingolipid 
enhanced neural stem cells (SENSe) or sphingosine-respon 
sive glia (SRG) are in fact oligodendrocyte precursor cells 
(ODPCs), which can be further differentiated into oligoden 
drocytes. 

The present invention further provides a method of differ 
entiating the obtained ODPCs or a cell culture enriched for 
ODPCs into neuronal and glial cell types by transplanting 
them in vivo into a host brain. The ODPCs can then be further 
differentiated to oligodendrocyte cell types which can 
express adult neural and glial cell markers, such as GFAP for 
glial cells, or myelin basic protein (MBP) for myelin forma 
tion. In certain embodiments, the ODPCs are differentiated is 
vitro from a pluripotent stem cell culture cultured in a cell 
culture medium comprising a ceramide compound and a cell 
culture medium comprising a sphingosine-1-phosphate 
receptor agonist. In one embodiment, the ceramide com 
pound is a ceramide analog S18, and the sphingosine-1-phos 
phate receptor agonist is FTY720. The obtained ODPCs can 
be engrafted into a host brain where they do not form terato 
mas and are capable of further differentiating into neuronal 
and glial cell types. 
The invention further provides a method of treating a 

patient with a neural disease, comprising a step of adminis 
tering to the patient a therapeutically effective amount of the 
ODPCs or cell culture enriched in ODPCs produced using the 
methods of the present invention. In certain embodiment, the 
method comprises culturing a pluripotent stem cell culture 
with a cell culture medium comprising a ceramide compound 
and a cell culture medium comprising a sphingosine-1-phos 
phate receptor agonist; obtaining ODPCs derived from the 
cultured pluripotent stem cells, and transplanting the 
obtained ODPCs or the cell culture enriched in ODPCs into a 
patient in need thereof wherein the ODPCs do not form ter 
atomas, and are capable of further differentiating into den 
drocytes in the patient. The present invention contemplates 
that additional steps and culture media components can be 
used in conjunction with the present invention. 

The present invention further provides a method of treating 
a patient with a neural disease, comprising a step of admin 
istering to the patient in need thereofatherapeutically effec 
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tive amount of a ceramide compound, or pharmaceutically 
acceptable salt thereof, in conjunction with a sphingosine-1- 
phosphate receptor agonist, wherein the combination of the 
ceramide compound and the sphingosine-1-phosphate recep 
tor agonist proliferates and/or differentiates endogeneous 
neural stem cells to glial precursor cells, in particular ODPCs, 
which do not form or are substantially free from teratomas, 
and are capable of further differentiating into neuronal and 
glial cell types, in particular dendrocytes in patient. The neu 
ral diseases discussed herewith include all neurodegenerative 
diseases, including but not limited to, multiple Sclerosis. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates metabolism and function of sphingolip 
ids. FIG. 1A illustrates that ceramide can be de-acylated by 
ceramidase to sphingosine. Sphingosine can be phosphory 
lated to sphingosine-1-phosphate (S1P) by sphingosine 
kinase (SK) 1 and 2. Ceramide can also be converted to 
sphingomyelin by sphingomyelin synthase. One important 
Source for ceramide is the hydrolysis of sphingomyelin by 
acid or neutral sphingomyelinase. The bottom panel shows 
the structures of the ceramide analog S18 (N-oleoyl serinol) 
and FTY720, a pro-drug that is phosphorylated by SK to 
phospho-FTY720, an analog of S1P. FIG.1B illustrates struc 
tural and functional interconversion of sphingolipids. 
Mito mitogenic; apo pro-apoptotic; anti-apo anti-apop 
totic; anti-mito-anti-mitogenic. 

FIG. 2 illustrates a formation of ceramide rafts to SLIPS. 
FIG. 2A provides a model for the formation of ceramide rafts 
by cytokine or growth factor-activated acid or neutral sphin 
gomyelinase (NSMase). A ceramide-associated protein com 
plex (sphingolipid-induced protein scaffold or SLIPS) is 
formed at the inner leaflet of the cell membrane. This may 
organize cell adhesion or microtubule assembly and protrude 
the raft on the tip of a growing process. FIG. 2B provides 
experimental evidence forceramide rafts and SLIPS in NPCs. 
By immunocytochemistry for ceramide and sphingomyelin. 
Ceramide microdomains at the tip of the cell (arrows) are 
mostly segregated from SM domains. FIG. 2C illustrates 
immunocytochemistry for ceramide (Cy5-conjugated) and 
C-tubulin (Cy3-conjugated, after 2" fixation and permeabi 
lization). Cy3 (C-tubulin)-to-Cy5 (ceramide) FRET was 
recorded indicating that ceramide and nascent microtubules 
form a complex (arrows). The FRET signal was confirmed by 
acceptor bleaching as described in ref2 (not shown). 

FIG.3 illustrates molecular interactions of ceramide-asso 
ciated aPKC (working models). FIG. 3A provides that in the 
absence of PAR-4, ceramide-associated aPKC forms a polar 
ity complex with Par3, Par6, and Cdc42. This may control 
microtubule assembly and protrude the cell membrane. FIG. 
3B provides that in the presence of PAR-4, ceramide-associ 
ated aPKC binds to PAR-4, which inhibits its activity and 
induces apoptosis. FIG. 3C provides that ceramide activates 
distinct cell signaling pathways depending on the expression 
of PAR-4. In PAR-4(-) cells (left panel), ceramide activates 
aPKC, which inactivates GSK-3? and stabilizes B-catenin, 
increases binding of APC to the plus ends of microtubules, 
and prevents aggregation oft. Ceramide-activated PP2a may 
complement this effect on aPKC. In PAR-4(+) cells, ceramide 
induces inhibition of aPKC by PAR-4, which inactivates NF 
KB and PI3K/Akt, two key cell signaling pathways for cell 
survival. Inhibition of Akt prevents inactivation of Dad/Bax 
and induces apoptosis. This is antagonized by S1P-mediated 
activation of Akt. 

FIG. 4 illustrates making sphingolipid-enhanced neural 
stem cells (SENSe). FIG. 4A illustrates that mouse ES cells 
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were differentiated to the attached EB stage and immunocy 
tochemistry performed using antibodies against Oct-4 and 
S1P. NPC2 cells show Oct-4-(-) and S1P1(+). NPC2 cells are 
derived from EBCs, but they do not express Oct-4 (unlike 
pluripotent stem cells in the center of EBCs), NPC2 cells 
express PAR-4 (not shown here) and are sensitive toward 
ceramide and S18. Expression of S1P protects them from 
S18-induced apoptosis if S1P or its analogs are added to the 
medium. FIG. 4B provides that there are three sub-popula 
tions of EB-derived cells (EBCs): 1) Residual pluripotent 
(Oct-4(+)/PAR-4(+)/S1P1(-) cells. These cells form terato 
mas, but are eliminated by S18 because they express the 
sensitizer protein PAR-4. They are not protected by S1P1: 2) 
NPC1 cells are Oct-4(-)/PAR-4(-)/S1P1 (+) and represent 
nestin-expressing neural progenitors. They do not undergo 
S18-induced apoptosis because they do not express PAR-4: 
and 3) Oct-4(-)/PAR-4(+)/S1P1(+)NPC2 cells, however, are 
eliminated by S18, but they can be protected by incubation 
with S1P or FTY720. FIG. 4C illustrates that NPC2 cells are 
stained for A2B5 epitope, a marker for oligodendrocyte pre 
cursor cells. 

FIG. 5 provides molecular structure of ceramide, ceramide 
derivatives, and analogs. Ceramide is synthesized in all cells 
by condensation of serine with palmitoyl-CoA (sphingosine 
biosynthesis), followed by acylation of sphingosine with 
various fatty acids (ceramide biosynthesis). Hydrolysis of the 
fatty acid from ceramide (re-)generates Sphingosine which 
can be phosphorylated to sphingosine-1-phosphate (S1P). 
S1P binds to S1P receptors, which activate cell signaling 
pathways that counteract ceramide-induced apoptosis (cell 
death) and promote further differentiation of stem cells. To 
eliminate teratoma forming stem cells, a combination of the 
ceramide analog N-oleoyl serinol (S18) and the S1P analog 
FTY720 was used. Teratoma forming stem cells are elimi 
nated by S18 because they express the sensitizer protein 
prostate apoptosis response 4 (PAR-4). Teratoma forming 
stem cells do not express the S1P receptor 1 (S1P1) and 
therefore, they are not protected against S18. Oligodendro 
cyte precursor cells (ODPCs) initially express PAR-4 and 
S1P1. There are protected against S18 when incubated with 
FTY720. After 48 h in culture, ODPCs do not express PAR-4 
anymore, but they continue to express S1P1. S18 as well as 
FTY720 induce further differentiation toward ODPCs (or 
iODPCs, 20-foldenrichment) and neuronal restricted precur 
sor cells (iNRPCs, 2-fold enrichment), two cell types highly 
desired to be developed from stem cell grafts. 

FIG. 6 illustrates that NPC2 derived from S18+FTY720 
treated stem cells express oligodendroglial markers after 
transplantation. EB-derived cells were incubated for 48 h. 
with 100 uMS18 and 300 nM FTY720 in EB medium, further 
cultivated for 48 h in 50 uMS18 and 300 nM FTY720 in NP 
medium, and then used for transplantation into mouse brain 
(striatum, injected were 100,000 cells into 12 days old pups, 
cells were stained with Vybrant CM-diI for tracking). The 
pups were grown until myelination was accomplished (about 
4 weeks) and then sacrificed. Brains were fixed and cryosec 
tioned (coronal). The figure (confocal immunofluorescence 
microscopy) shows that cells (Vybrant CM-diI labeled) 
engrafted into the Corpus callosum. Engrafted cells show 
oligodendroglial differentiation (O4 staining), suggesting 
that EB-derived cells treated with S18 and FTY720 can be 
used for re-myelination of damaged brain areas. 

FIG. 7 illustrates the combination effect of S18 and 
FTY720 on in vitro differentiation of Olig2-GFP-ES cells 
(NF66 neurofilament). EB-derived cells were incubated for 
48 h with 100 uMS18 and 300 nM FTY720 in EB medium 
and then further cultivated for 48 h in 50 uMS18 and 300 nM 
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FTY720 in NP medium, followed by 48 h in differentiation 
medium without additives (for composition of EB, NP, and 
differentiation medium see Methods). GFP was expressed 
only in oligodendrocyte precursor cells (ODPCs) differenti 
ating toward oligodendrocytes. These are the cells that myeli 
nate neurons. Neurofilament NF66 (stained with antibody) 
was expressed only in neuronal restricted precursor cells 
(NRPCs), which will eventually differentiate into neurons. 
S18 and FTY720 increased the number of ODPCs (iODPCs, 
which are the GFP expressing cells) by 20-fold. FTY720 and 
S18 also induced differentiation toward NRPCs (iNRPCs, 
which are the NF66 stained cells) by 2-fold. 

FIG. 8 illustrates that Olig2-GFP cells (OPCs) form layers 
ensheathing neurons in vitro (initialize myelination). Similar 
differentiation stage as shown above, however, three dimen 
sional projection. This view shows that iODPCs ensheath 
iNRPC, a process initiating myelination. 

FIG. 9 illustrates that combination of S18 and FTY720 
induces oligodendroglial differentiation. EB-derived cells 
were incubated for 48 h with 100 uM S18 and 300 nM 
FTY720 in EB medium and then further cultivated for 48 h in 
50 uMS18 and 300 nM FTY720 in NP medium, followed by 
48 h in differentiation medium without additives (for compo 
sition of ED, NP, and differentiation medium see Methods). 
NRPCs are stained for NF66, ODPCs are stained for GFP and 
O4. O4 is another marker for oligodendrocyte differentiation. 
This figure shows that S18 and FTY720 promote differentia 
tion and assembly of EB-derived cells toward NRPCs and 
ODPCs that are associated with each other. In control cells, 
there are less OPCs (5% of what is found in treated cells) and 
less NPCs (50% of what is found in treated cells). Cells are 
not associated with each other indicating that myelination is 
not initiated in control cells. 

FIG. 10 illustrates that induced ODPCs (iODPC) express 
S1P receptor (stay responsive to FTY720) and differentiate 
toward oligodendrocytes. EB-derived cells were incubated 
for 48 h with 100 uMS18 and 300 nM FTY720 in EB medium 
and then further cultivated for 48 h in 50 uMS18 and 300 nM 
FTY720 in NP medium, followed by 96 h in differentiation 
medium without additives (for composition of EB, NP, and 
differentiation medium see Methods). FIG. 10A. iNRPCs are 
stained for NF66, iODPCs are stained for GFP and S1P. FIG. 
10B. iODPCs are stained for GFP and O4. Mature oligoden 
drocytes are stained for myelin basic protein (MBP). The 
figure shows that iODPCs continue to differentiate toward 
myelinating oligodendrocytes. 

FIG. 11 illustrates that iODPCs and early neurons treated 
with S18+FTY720 proliferate. EB-derived cells were incu 
bated for 48 h with 100 uMS18 and 300 nM FTY720 in EB 
medium and then further cultivated for 48 h in 50 MS18 and 
300 nM FTY720 in NP medium, followed by 24h in differ 
entiation medium (for composition of EB, NP, and differen 
tiation medium see Methods). Before cultivation in differen 
tiation medium, cells were labeled for 2 h with 10 uM BrdU, 
a marker for dividing cells. The figure shows that iODPC as 
well as iNRPCs are still capable of cell division (BrdU 
labeled), however, without uncontrolled tumor formation. 
Therefore, treatment of EB-derived cells with S18 and 
FTY720 is a convenient technology to generate robust and 
Safe ODPCS and NRPCS. 

FIG. 12 illustrates that iODPCs settle in stab wound injury 
(TBI model) and differentiate toward oligodendrocytes. EB 
derived cells were incubated for 48 h with 100 uM S18 and 
300 nM FTY720 in PB medium, further cultivated for 48 h in 
50 uM S18 and 300 nM FTY720 in NP medium, and then 
used for transplantation into mouse brain (striatum, injected 
were 100,000 cells into 12 days old pups, cells were stained 
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with Vybrant CM-diI for tracking). The pups were grown 
until myelination was accomplished (about 4 weeks) and then 
sacrificed. Brains were fixed and cryosectioned (coronal). 
The figure (confocal immunofluorescence microscopy) 
shows that injected cells (Vybrant CM-diI stained) under 
went oligodendroglial differentiation (GFP and O4 staining) 
suggesting that EB-derived cells treated with S18 and 
FTY720 can be used for re-myelination of damaged brain or 
spinal cord areas. 

FIG. 13 provides a scheme suggesting that the ES cells, 
induced pluripotent stem cells (iPS cells), or other stem cells 
be treated with S18 in combination with FTY720, producing 
iODPCs, which can be further used for stem cell therapy. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides a cell culture enriched for 
sphingolipid enhanced neural stem cells (SENSe), particu 
larly sphingosine-responsive glia (SRG), more particularly, 
oligodendrocyte precursor cells (ODPCs or iODPCs). The 
ODPC enriched cell culture of the present invention does not 
form teratomas when transplanted in vivo. The present inven 
tion further provides a method of producing an ODPC 
enriched cell culture invitro that does not form teratomas, and 
is capable of further differentiating into dendrocytes. The 
method of producing the ODPCs of the present invention 
comprises the steps of culturing a pluripotent cell culture with 
a cell culture medium comprising a ceramide compound and 
a cell culture medium comprising a sphingosine-1-phosphase 
(S1P) receptor agonist. Culturing with ceramide compound 
or S1P receptor agonist can occur in either sequence, in 
overlapping intervals or concurrency. 

Unless otherwise noted, the terms used herein are to be 
understood according to conventional usage by those of ordi 
nary skill in the relevant art. In addition to the definitions of 
terms provided below, definitions of common terms in 
molecular biology may also be found in Rieger et al., 1991 
Glossary of genetics: classical and molecular, 5th ed., Berlin: 
Springer-Verlag; in Current Protocols in Molecular Biology, 
F. M. Ausubel et al., eds. Current Protocols, a joint venture 
between Greene Publishing Associates. Inc. and John Wiley 
& Sons, Inc., (1998 Supplement); in Current Protocols in Cell 
Biology, J. S. Bonifacino et al., eds. Current Protocols, John 
Wiley & Sons. Inc. (1999 Supplement); and in Current Pro 
tocols in Neuroscience, J. Crawley et al., eds. Current Pro 
tocols, John Wiley & Sons. Inc. (1999 Supplement). It is to be 
understood that as used in the specification and in the claims, 
'a' oran can mean one or more, depending upon the context 
in which it is used. Thus for example, reference to “a cell' can 
mean that at least one cell can be utilized. 
As used herein, the term SENSe, SRG, ODPCs, or iODPCs 

can be used interchangeably and refer to neural precursor 
cells derived from a pluripotent stem cell cultured in a cell 
medium comprising a ceramide compound in conjunction 
with a S1P receptor agonist. In certain embodiments, the 
SENSe are further characterized as SRGs because they show 
the stellate morphology to the endogenous neural stem cells 
in the brain and can express sphingosine responsive glial 
markers, including but not limited to nestin, Sox2, Sphin 
gosine kinase 2 (SK2), the sphingosine-1-phosphate receptor 
(Edg1), EGF receptor (EGFR), and cyclic nucleotide phos 
phatase (CNPase). In other embodiments, these SRGs are 
further characterized to express oligodendrocyte precursor 
markers, including but are not limited to, A2B5, GFAP, and 
NG2 proteoglycan. 
As used herein, the ceramide compound refers to ceramide, 

analogs, functional homologues or equivalents, isomers, or 
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pharmaceutically acceptable salts thereof. In certain embodi 
ments, the ceramide compound is selected from the group 
consisting of N-(2-hydroxy-1-(hydroxymethyl)ethyl)-oleoy 
lamide (“S18); N-(2-hydroxy-1-(hydroxymethyl)ethyl)- 
palmitoylamide (“S16); N,N-bis(2-hydroxyethyl)palmitoy 
lamide (“B16); N,N-bis(2-hydroxyethyl)oleoylamide 
(“B18); N-tris(hydroxymethyl methyl-palmitoylamide 
(“T16); N-tris(hydroxymethyl)methyl-oleoylamide 
(“T18'); N-acetyl sphingosine (“C2-ceramide'); D-threo-1- 
phenyl-2-decanoylamino-3-morpholino-1-propanol ("D- 
threo-PDMP); D-threo-1-phenyl-2-hexadecanoylamino-3- 
morpholino-1-propanol (“D-Threo-PPMP); D-erythro-2- 
tetradecanoyl-1-phenyl-1-propanol (“D-MAPP); 
D-erythro-2-(N-myristoylamino)-1-phenyl-1-propanol 
("MAPP), and N-hexanoylsphingosine (C6-ceramide). The 
present invention also contemplates the amphiphilic lipid 
compound selected from the group consisting of a ceramide 
compound, a sphingosine compound, a hydroxyalkyl ester 
compound, metabolites and catabolites thereof. 

In a preferred embodiment, the amphiphilic lipid com 
pound is a ceramide compound, wherein the ceramide com 
pound is a N-acyl derivative of B-hydroxyalkylamine. In a 
preferred embodiment, the ceramide compound has the gen 
eral formula 

R1 O 

and, wherein R is a saturated or mono- or polyunsaturated (cis 
or trans) alkyl group having greater than 2 carbon atoms; R1, 
R2, R3, and R4 may be the same or different and are saturated 
or mono- or polyunsaturated hydroxylated alkyl groups, aryl 
groups, or hydrogen. In one embodiment, R4 is an alkyl chain 
having from 1 to 12 carbonatoms. In a preferred embodiment. 
R is a Saturated or mono- or polyunsaturated (cis or trans) 
alkyl group having from 12-20 carbon atoms, the hydroxy 
lated alkyl groups have from 1-6 carbonatoms, R1 and R2 are 
hydroxylated alkyl groups, and R3 is hydrogen. 

In another embodiment, the amphiphilic lipid compound is 
a sphingosine compound, wherein the sphingosine com 
pound has the general formula 

R-N-C-R 

R4 

and, R is a saturated or mono- or polyunsaturated (cis or trans) 
alkyl group having greater than 2 carbon atoms; R1, R2, R3, 
and R4 may be the same or different and are saturated or 
mono- or polyunsaturated hydroxylated alkyl groups, aryl 
groups, or hydrogen. In preferred embodiments, the sphin 
gosine compound is selected from the group comprising 
D-erythro-sphingosine, L-threo-sphingosine, dimethylsph 
ingosine, and N-oleoyl ethanolamine. 

In another embodiment, the amphiphilic lipid compound is 
a hydroxyalkyl ester compound, wherein the hydroxyalkyl 
ester compound has the general formula 



US 7,985,586 B2 
15 

and, wherein R is a saturated or mono- or polyunsaturated (cis 
or trans) alkyl group having greater than 2 carbonatoms; and 
R1 is a Saturated or mono- or polyunsaturated hydroxylated 
alkyl group, aryl group, or hydrogen. In a preferred embodi 
ment, the hydroxyalkyl ester compound is an O-acyl deriva- 10 
tive of gallic acid. In another preferred embodiment, the 
hydroxyalkyl ester compound is the n-dodecyl ester of 3,4,5- 
trihydroxybenzoic acid “laurylgallate”), which has the for 
mula 

15 

COO-CH-(CH)-CH. 

2O 

HO OH 

OH 

25 

Those of skill in the art will recognize that many other 
variations of the general formulas above exist, and that the use 
of all such variations is encompassed by the methods of the 
present invention. In preferred embodiments, the ceramide 
compound is a ceramide analog selected from the group con- 30 
sisting of S18, functional analogs, homologues or equiva 
lents, isomers, and pharmaceutically acceptable salts thereof. 

In the methods of the present invention, it is preferred that 
the concentration of the ceramide compound in the cell cul 
ture medium is from approximately 0.1 uM to 1000 uM, more 35 
preferably that the concentration of the ceramide compound 
is from approximately 1 uM to 100 uM, more preferably that 
the concentration of the ceramide compound is from approxi 
mately 10 uM to 500 uM, and most preferably that the con 
centration of the ceramide compound is approximately 40 
50-500 uM. 

In the methods of the present invention, the duration of 
culturing the pluripotent stem cells with the cell culture 
medium comprising a ceramide compound is from approxi 
mately 1 hour to 20 days, approximately 6 hours to 10 days, 45 
or approximately 12 hours to 6 days. 
As used herein, the sphingosine-1-phosphate (S1P) recep 

tor agonist refers to any compounds, activators, analogs, 
homologues, functional equivalents, isomers, or pharmaceu 
tically acceptable salts thereof that activate or modulate the 50 
S1P (or Edg1) receptor. In certain embodiments, the S1P 
agonist is selected from the group consisting of 2-amino-2- 
2-(4-octylphenyl)ethylpropane-1,3-diol (FTY720), the 
FTY720/S1P analogs having 4(5)-phenylimidazole ring sys 
tem disclosed in Clemens et al. 190), 2-amino-2-(2-4-(3- 55 
benzyloxyphenylthio)-2-chlorophenylethyl-1,3-pro 
panediol hydrochloride (KRP-203) disclosed in Shimizu et 
al. 192 that is structurally and functionally similar to 
FTY720 the phosphonic and thiophosphoric acid derivatives 
of lysophosphatidic acid (LPA) and LPA receptoragonist, the 60 
tetraaromatic compound, such as SEW2871 and its analogues 
disclosed in Jo et al. 191. 
The compound FTY720 is a lymphocyte sequestration 

agent and metabolized in mammals to a compound that is a 
potent agonist of S1P receptors. Agonism of sphingosine 65 
1-phosphate receptors induces the sequestration of lympho 
cytes (T-cells and B-cells) in lymph nodes and Peyer's 

16 
patches without lymphodepletion. The present invention 
encompasses compounds which are agonists or activators of 
the S1P receptor 1 (or Edg1). Compounds which target, acti 
vate or modulate the activity of the S1P receptor family are 
especially compounds, proteins, antibodies, phospholipids, 
or lysophoholipids having the same or Substantially equiva 
lent function as sphingosine-1-phosphate (S1P) including 
signalling via the endothelial differentiation gene family of 
G-protein coupled receptors to regulate cell proliferation, 
differentiation, survival, and motility. 
The present invention contemplates all compounds, pro 

teins antibodies, phospholipids, or lysophoholipids that are 
known or later developed which act as sphingosine-1-phos 
phate receptor 1 (S1P or Edg1) agonists, activators, modu 
lators, or functional equivalents. Exemplary S1P or Edg1 
receptor agonists or functional equivalents are specifically 
disclosed in e.g., U.S. Pat. Nos. 7,479,504; 7.220,734; 7,199, 
142; 7,351,725; 7,309,721; 7,241,812; and 7,241,790. Fur 
thermore, synthetic S1P analogs, including but not limited 
to, phospho-FTY720, the 4(5)-phenylimidazole class of S1P/ 
FTY720 analogues 190, the tetraaromatic compound 
SEW2871191, and synthetic compounds having molecular 
structure similar to FTY720, such as KRP-203 (2-amino-2- 
{2-4-(3-benzyloxyphenylthio)-2-chlorophenylethyl-1,3- 
propanediol hydrochloride 192 are included within the 
Scope of the present invention. 
The present invention also contemplates S1P analogs that 

have activity as modulators of sphingosine-1-phosphate 
receptor 1 (S1P or Edg1 receptor) activity. Modulators of 
S1P or Edg1 activity include agents that have agonist activity 
at the S1P or Edg1 receptor as well as analogs of those 
compounds that have been modified to resistenzymatic modi 
fication (i.e. block modification of the compounds by phos 
phohydrolases, sphingosine lyases or sphingosine kinases), 
or provide a Suitable Substrate for sphingosine kinases to 
convert an administered form into a more active form. The 
structure of S1P can be described as a combination of three 
regions: the phosphate head group, the linker region, and the 
fatty acid tail. Through structure activity relationships (SAR) 
of the closely related lysophospholipid, lysophosphatidic 
acid (LPA), it has been determined that the presence of a 
phosphate headgroup is an important feature to allow binding 
of S1P to its S1P receptors. However, a phosphonate, 
hydroxyl, phosphate orphosphonate group can be substituted 
for the phosphate head group while retaining activity at the 
S1P receptor. 
The Sphingosine-1-phosphate (S1P) activators contem 

plated in the present invention also include phosphonic and 
thiophosphoric acid derivatives of lysophosphatidic acid 
(LPA) and LPA receptor agonists known in the art and later 
developed, for instance, disclosed in Santos et al. 193. Lyso 
phosphatidic acid (LPA) is a phospholipid derivative that acts 
as a potent signaling molecule and a potent mitogen due to its 
activation of three high-affinity G-protein-coupled receptors, 
LPA1, LPA2, and LPA3 (also known as Edg2, Edg4, and 
Edg7). Additional, newly identified LPA receptors include 
LPA4 (p2y.9/GPR23), LPA5 (GPR92) and LPA6 (GPR87). 
Lysophosphatidic acid is also an intermediate in the synthesis 
of phosphatidic acid, which is the acid form of phosphatidate, 
a common and Smallest phospholipid that is a major constitu 
ent of cell membranes. Examples of LPA agonists, deriva 
tives, or functional equivalents are specifically disclosed in, 
e.g., U.S. Pat. Nos. 7,217,704 and 7,169,818. 

Furthermore, the sphingosine-1-phosphate receptor acti 
vators of the present invention also contemplate sphingolipid 
modulators (SPMs). Exemplary SPMs include sphingosine 
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1-phosphate (SPP), dihydrosphingosine-1-phosphate, sphin 
gosylphosphorylcholine (SPC), and sphingosine (SPH). 

Those of skill in the art will recognize that many other 
variations of the S1P receptoragonist exist, and that the use of 
all such variations is encompassed by the methods of the 
present invention. In preferred embodiments, the S1P recep 
tor agonist is FTY720, functional analogs, homologues or 
equivalents, isomers, and pharmaceutically acceptable salts 
thereof. 

In the methods of the present invention, it is preferred that 
the concentration of the S1P receptor agonist in the cell cul 
ture medium is from approximately 1 nM to 1 LM, preferably 
that the concentration of the S1P agonist is from approxi 
mately 10 nM to 500 nM, optionally that the concentration of 
the S1Pagonist is from approximately 50 nM to 400 nM, and 
optionally that the concentration of the S1P agonist is 
approximately 100 nM to 350 nM. 

In the methods of the present invention, the duration of 
culturing the pluripotent stem cells with the cell culture 
medium comprising a S1P receptor agonist is from approxi 
mately 1 hour to 20 days, approximately 6 hours to 10 days, 
or approximately 12 hours to 6 days. 
The present invention also contemplates a pharmaceuti 

cally acceptable salts of a ceramide compound and a sphin 
gosine-1-phosphate (S1P) analog discussed above. As used 
herein, pharmaceutically acceptable salts include acid addi 
tion salts such as those containing Sulfate, chloride, hydro 
chloride, fumarate, maleate, phosphate, Sulfamate, acetate, 
citrate, lactate, tartrate, methanesulfonate, ethanesulfonate, 
benzenesulfonate, p-toluene Sulfonate, cyclohexylsulfamate 
and quinate. Pharmaceutically acceptable salts can be 
obtained from acids such as hydrochloric acid, maleic acid, 
Sulfuric acid, phosphoric acid, Sulfamic acid, acetic acid, 
citric acid, lactic acid, tartaric acid, malonic acid, methane 
Sulfonic acid, ethanesulfonic acid, benzenesulfonic acid, 
p-toluenesulfonic acid, cyclohexylsulfamic acid, fumaric 
acid, and quinic acid. 

Pharmaceutically acceptable salts also include basic addi 
tion salts such as those containing benzathine, chlorop 
rocaine, choline, diethanolamine, ethylenediamine, meglu 
mine, procaine, aluminum, calcium, lithium, magnesium, 
potassium, Sodium, ammonium, alkylamine, and Zinc, when 
acidic functional groups, such as carboxylic acid or phenol 
are present. For example, see Remington’s Pharmaceutical 
Sciences, 19" ed., Mack Publishing Co., Easton. Pa., Vol. 2, 
p. 1457, 1995. Such salts can be prepared using the appropri 
ate corresponding bases. 

Pharmaceutically acceptable salts can be prepared by stan 
dard techniques. For example, the free-base form of a com 
pound is dissolved in a suitable solvent. Such as an aqueous or 
aqueous-alcohol in Solution containing the appropriate acid 
and then isolated by evaporating the solution. In another 
example, a salt is prepared by reacting the free base and acid 
in an organic solvent. The pharmaceutically acceptable salt of 
the different compounds may be present as a complex. 
Examples of complexes include 8-chlorotheophylline com 
plex (analogous to, e.g., dimenhydrinate: diphenhydramine 
8-chlorotheophylline (1:1) complex: Dramamine) and vari 
ous cyclodextrin inclusion complexes. 

Carriers or excipients can be used to produce pharmaceu 
tical compositions. The carriers or excipients can be chosen to 
facilitate administration of the compound. Examples of car 
riers include calcium carbonate, calcium phosphate, various 
Sugars Such as lactose, glucose, or Sucrose, or types of starch, 
cellulose derivatives, gelatin, vegetable oils, polyethylene 
glycols and physiologically compatible solvents. Examples 
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of physiologically compatible solvents include sterile solu 
tions of water for injection (WFI), saline solution, and dex 
trOSe. 

As used herein, the present invention contemplates any 
stem cells including pluripotent stem cells, induced pluripo 
tent stem (iPS) cells derived from non-pluripotent cells (e.g., 
fibroblasts), multipotent stem cells, totipotent stem cells, 
embryonic stem (ES) cells, and stem cells derived from fetal 
and adult tissues. The ES cells are derived from the embryo 
and are pluripotent, thus possessing the capability of devel 
oping into any organ cell type or tissue type or, at least 
potentially, into a complete embryo. ES cells may be derived 
from the inner cell mass of the blastocyst, which have the 
ability to differentiate into tissues representative of the three 
embryonic germ layers (mesoderm, ectoderm, endoderm), 
and into the extra-embryonic tissues that Support develop 
ment. 

As used herein, the term “pluripotent” refers to a cell 
capable of at least developing into one of ectodermal, endo 
dermal and mesodermal cells. In one preferred embodiment, 
the term “pluripotent” refers to cells that are totipotent and 
multipotent. As used herein, the term “totipotent cell refers 
to a cell capable of developing into all lineages of cells. As 
used herein, the term “multipotent” refers to a cell that is not 
terminally differentiated. In one preferred embodiment the 
multipotent cell is a neural precursor cell and the multipotent 
cell culture is a neural precursor cell culture. The pluripotent 
cell can be selected from the group consisting of an embry 
onic stem (ES) cell; an inner cell mass (ICM)/epiblast cell; a 
primitive ectoderm cell. Such as an early primitive ectoderm 
cell (EPL); and a primordial germ (EG) cell. The pluripotent 
cells of the present invention can be derived from any stem 
cells or non-pluripotent cells, such as fibroblasts, using any 
method known to those of skill in the art at the present time or 
later discovered. For example, the pluripotent ES cells can be 
produced using de-differentiation and nuclear transfer meth 
ods. Additionally, the ICM/epiblast cell or the primitive ecto 
derm cell used in the present invention can be derived in vivo 
or in vitro. Stem cells may be generated in adherent culture or 
as cell aggregates in Suspension culture in the presence or 
absence of one or more bioactive components or factors. 
The present invention contemplates that a cell differentia 

tion environment comprising additional steps and culture 
media comprising one or more bioactive component and/or 
factor can be used in conjunction with the present invention. 
As used herein, the terms “bioactive component' and “bio 
active factor refer to any compound or molecule that induces 
a pluripotent cell to follow a differentiation pathway toward a 
neural cell. Alternatively, the bioactive component may act as 
a mitogen or as a stabilizing or Survival factor for a cell 
differentiating towards a neural cell. While the bioactive com 
ponent may be as described below, the term is not limited 
thereto. The term “bioactive component as used herein 
includes within its scope a natural or synthetic molecule or 
molecules which exhibit(s) similar biological activity, e.g. a 
molecule or molecules which compete with molecules within 
the conditioned medium that bind to a receptor on ES cells or 
their differentiation products in adherent culture, in embryoid 
bodies, or in nonadherent cultures, responsible for neural 
induction, and/or neural proliferation, and/or neural Survival. 
As used herein, the term “cell differentiation environment” 

refers to a cell culture condition wherein the stem cells are 
induced to differentiate into neural progenitor cells, or are 
induced to become a cell culture enriched in neural cells. 
Preferably the neural progenitor cell lineage induced by the 
growth factor will be homogeneous in nature. The term 
“homogeneous” refers to a population that contains more 
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than 80%, 85%, 86%, 87%, 88%, 89%, 90%, 91%, 92%, 
93%, 94%, 95%, 96%, 97%, 98%, or 99% of the desired 
neural cell lineage. 

In one embodiment, the cell differentiation environment 
comprises a cell culture condition comprising a ceramide 
compound in conjunction with a sphingosine-1-phosphase 
receptor agonist. In a further embodiment, the cell differen 
tiation environment is a Suspension culture comprising a cera 
mide compound in conjunction with a sphingosine-1-phos 
phase receptor agonist. As used herein, the term "suspension 
culture” refers to a cell culture system whereby cells are not 
tightly attached to a solid surface when they are cultured. 
Non-limiting examples of Suspension cultures include agar 
ose Suspension cultures, and hanging drop Suspension cul 
tures. In one embodiment, the cell differentiation environ 
ment comprises a Suspension culture comprising a ceramide 
compound in conjunction with a sphingosine-1-phosphate 
receptoragonist or activator, where the tissue culture medium 
is Dulbecco's Modified Eagle's Medium and Ham's F12 
media (DMEM/F12), and it is supplemented with a fibroblast 
growth factors (FGF), such as FGF-2. 

In other embodiments, the cell differentiation environment 
can also contain Supplements such as L-Glutamine, NEAA 
(non-essential amino acids), P/S (penicillin/streptomycin), 
N2 supplement (5ug/ml insulin, 100 ug/ml transferrin, 20 nM 
progesterone, 30 nM selenium, 100 LM putrescine (Botten 
stein, and Sato, 1979 PNAS 76,514-517) and B-mercaptoet 
hanol (B-ME). It is contemplated that additional factors may 
be added to the cell differentiation environment, including, 
but not limited to fibronectin, laminin, heparin, heparin Sul 
fate, retinoic acid, members of the epidermal growth factor 
family (EGFs), members of the fibroblast growth factor fam 
ily (FGFs) including FGF2 and/or FGF8, members of the 
platelet derived growth factor family (PDGFs), transforming 
growth factor (TGF)/bone morphogenetic protein (BMP)/ 
growth and differentiation factor (GDF) factor family antago 
nists including but not limited to noggin, follistatin, chordin, 
gremlin, cerberus/DAN family proteins, Ventropin, and 
amnionless. TGF, BMP, and GDF antagonists could also be 
added in the form of TGF, BMP, and GDF receptor-Fc chi 
meras. Other factors that may be added include molecules 
that can activate or inactivate signaling through Notch recep 
tor family, including but not limited to proteins of the Delta 
like and Jagged families. Other growth factors may include 
members of the insulin like growth factor family (IGF), the 
wingless related (WNT) factor family, and the hedgehog fac 
tor family. Additional factors may be added to promote neural 
stem/progenitor proliferation and Survival as well as neuron 
survival and differentiation. These neurotrophic factors 
include but are not limited to nerve growth factor (NGF), 
brain derived neurotrophic factor (BDNF), neurotrophin-3 
(NT-3), neurotrophin-4/5 (NT-4/5), interleukin-6 (IL-6), cili 
ary neurotrophic factor (CNTF), leukemia inhibitory factor 
(LIF), cardiotrophin, members of the transforming growth 
factor (TGF)/bone morphogenetic protein (BMP)/growth and 
differentiation factor (GDF) family, the glial derived neu 
rotrophic factor (GDNF) family including but not limited to 
neurturin, neublastin/artemin, and persephin and factors 
related to and including hepatocyte growth factor. Neural 
cultures that are terminally differentiated to form post-mitotic 
neurons may also contain a mitotic inhibitor or mixture of 
mitotic inhibitors including but not limited to 5-fluoro 
2'-deoxyuridine and cytosine B-D-arabino-furanoside (Ara 
C). The cell differentiation environment can further comprise 
conditions that are known to lead to an increase in endog 
enous ceramide levels, including but not limited to ionizing 
radiation, UV light radiation, application of retinoic acid, heat 
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shock, chemotherapeutic agents such as but not limited to 
daunorubicin, and oxidative stress. Endogenous ceramide 
levels can also be elevated by incubating the cells in medium 
containing a sphingomyelinase or a compound with similar 
activity, or by treating the cells with an inhibitor of cerami 
dase Such as N-oleoylethanolamine. 

In another embodiment, the cell differentiation environ 
ment can contain compounds that enhance either the activity 
of the ceramide compound or the activity of the sphingosine 
1-phosphate receptor agonist, or both. In an alternative 
embodiment, the cell differentiation environment can contain 
other inducers or enhancers of apoptosis that synergize with 
the activity of either or both ceramide compound and sphin 
gosine-1-phosphate receptoragonist or activator. In a further 
embodiment, the cell differentiation environment can com 
prise compounds that make the neural cells more resistant to 
apoptosis. In this embodiment, the addition of compounds 
that increase the resistance of neural cells to ceramide com 
pound enhanced apoptosis allows for the use of higher levels 
of the ceramide compounds. As used herein, the term “higher 
levels' refers to concentrations of the ceramide compound 
that would inhibit the growth or differentiation of neural cells 
in the absence of the additional compound, but that do not 
inhibit the growth or differentiation in the presence of the 
additional compound. 

In other embodiments, the cell differentiation environment 
comprises an adherent culture. As used herein, the term 
“adherent culture” refers to a cell culture system whereby 
cells are cultured on a solid Surface, which may in turn be 
coated with a Substrate. The cells may or may not tightly 
adhere to the solid surface or to the substrate. The substrate 
for the adherent culture may further comprise any one or 
combination of polyornithine, laminin, poly-lysine, purified 
collagen, gelatin, extracellular matrix, fibronectin, tenacin, 
vitronectin, poly glycolytic acid (PGA), poly lactic acid 
(PLA), poly lactic-glycolic acid (PLGA) and feeder cell lay 
ers such as, but not limited to, primary astrocytes, astrocyte 
cell lines, glial cell lines, bone marrow Stromal cells, primary 
fibroblasts or fibroblast cells lines. In addition, primary astro 
cyte/glial cells or cell lines derived from particular regions of 
the developing or adult brain or spinal cord including but not 
limited to olfactory bulb, neocortex, hippocampus, basal 
telencephalon/striatum, midbrain/mesencephalon, Substantia 
nigra, cerebellum or hindbrain may be used to enhance the 
development of specific neural cell Sub-lineages and neural 
phenotypes. 
As used herein, the term “neural cell' or “neural stem cell’ 

can be used interchangeably, including, but not limited to, a 
glial cell; a neural cell of the central nervous system such as a 
dopaminergic cell, a differentiated or undifferentiated astro 
cyte or oligodendrocyte; a neural progenitor, a glial progeni 
tor, an oligodendrocyte progenitor, and a neural cell of the 
peripheral nervous system. “Neural cell as used in the con 
text of the present invention, is meant that the cell is at least 
more differentiated towards a neural cell type than the pluri 
potent cell from which it is derived. Also as used herein, 
producing a neural cell encompasses the production of a cell 
culture that is enriched for neural cells. In preferred embodi 
ments, the term "enriched’ refers to a cell culture that con 
tains more than approximately 50%, 55%, 60%. 65%, 70%, 
75%, 80%, 85%, 90%, or 95% of the desired cell lineage. 
The present invention further contemplates a composition 

for promoting maintenance, proliferation or differentiation of 
a neural stem cell, the composition comprising a cell culture 
medium comprising a conditioned medium or the bioactive 
component of a conditioned medium and a ceramide com 
pound, an analog, a functional equivalent or homologue, iso 
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mer, or pharmaceutically acceptable salt thereof. The ceram 
ide compound contemplated in the present invention is the 
ceremide compound of the B-hydroxyalkylamine type with 
the general formula discussed above, wherein R is a saturated 
or mono- or polyunsaturated (cis or trans) alkyl group having 
from 12-20 carbonatoms, the hydroxylated alkyl groups have 
from 1-6 carbonatoms, and R1 and R2 are hydroxylated alkyl 
groups. In one embodiment, the ceramide compound is 
selected from the group consisting of N-(2-hydroxy-1-(hy 
droxymethyl)ethyl)-oleoylamide (“S18); N-(2-hydroxy-1- 
(hydroxymethyl)ethyl)-palmitoylamide (“S16'); N,N-bis(2- 
hydroxyethyl)palmitoylamide (“B16); N,N-bis(2- 
hydroxyethyl)oleoylamide (“B18); N-tris(hydroxymethyl) 
methyl-palmitoylamide (“T16); N-tris(hydroxymethyl) 
methyl-oleoylamide (“T18'); N-acetyl sphingosine (“C2'); 
D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-pro 
panol (“D-Threo-PDMP); D-threo-1-phenyl-2-hexade 
canoylamino-3-morpholino-1-propanol (“D-Threo 
PPMP); D-erythro-2-tetradecanoyl-1-phenyl-1-propanol 
(“D-MAPP); D-erythro-2-(N-myristoylamino)-1-phenyl-1- 
propanol ("MAPP); and N-hexanoylsphingosine (C6-cera 
mide). 
The composition of the present invention further comprises 

a cell culture medium comprising a conditioned medium or 
the bioactive component of a conditioned medium compris 
ing a sphingosine-1-phosphate receptor agonist, an analog, a 
functional equivalent or homologue, isomer, or pharmaceu 
tically acceptable salt thereof. The sphingosine-1-phosphate 
receptor agonist contemplated in the present invention is 
selected from the group consisting of FTY720, S1P/FTY720 
analogs, phosphonic and thiophosphoric acid derivatives of 
lysophosphatidic acid (LPA) and LPA receptor agonists, and 
tetraaromatic compounds with structural and functional simi 
larity with FTY720. 
The composition of the present invention may further com 

prise pharmaceutically acceptable carriers, excipients, addi 
tives, preservatives, and buffers. The invention also contem 
plates the neural cell or cell culture enriched in neural cells 
that is cultured in the composition. 
As stated above, the present invention provides a method of 

producing a sphingolipid-enhanced neural stem cells 
(SENSe), particularly sphingosine-responsive glia (SRG), 
more particularly oligodendrocyte precursor cells (ODPCs), 
or a cell culture enriched in such neural stem cells. It is to be 
understood that any pluripotent cells can be cultured in the 
defined cell differentiation environment presented above 
between approximately 1-60 days, more preferably between 
approximately 2-28 days, and most preferably 5-15 days. 
The present invention encompasses the spingolipid 

enhanced neural stem cells (SENSe) and the cell cultures 
enriched in such neural stem cells produced by any of the 
above-described methods. The differentiated SENSe cells of 
the present invention are capable of expressing one or more of 
the detectable markers for tyrosine hydroxylase (TH), vesicu 
lar monamine transporter (VMAT) dopamine transporter 
(DAT), and aromatic amino acid decarboxylase (AADC, also 
known as dopa decarboxylase). In certain embodiments, the 
SENSe cells express less Oct-4 protein than an embryonic 
stem cell or a pluripotent cell. The SENSe or cell cultures 
enriched in Such neural stem cells generated using the com 
positions and methods of the present invention can be gener 
ated in adherent culture or as cell aggregates in Suspension 
culture. 
The SENSe of the present invention are further character 

ized as sphingosine-responsive glial (SRG) because they can 
exhibit stellate morphology to the endogenous neural stem 
cells in the brain and express sphingosine responsive glial 
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markers, including but not limited to, nestin, Sox2, Sphin 
gosine kinase 2 (SK2), the S1P receptor (Edg1), EGF recep 
tor (EGFR), and cyclic nucleotide phosphatase (CNPase). 
Moreover, the SRGs are further characterized to be oligoden 
drocyte precursor cells (ODPCs or iODPCs) because they can 
express oligodendrocyte precursor markers, including but are 
not limited to, A2B5, GFAP, and NG2 proteoglycan. 
The present invention further comprises the use of cell 

sorting techniques at any one or more stage of any of the 
above-described methods. In certain embodiments, the cell 
sorting techniques comprise labeling the cell population and 
Subsequent selecting cells which have or have not been 
labeled. The term “label” refers to a molecule or composition 
of molecules that is detectable by optical, spectroscopic, pho 
tochemical, biochemical, immunological, chemical or mag 
netic means. Labels can be specifically targeted to selected 
cells, but need not be. Such markers or labels include, but are 
not limited to, colored, radioactive, fluorescent, ultraviolet, or 
magnetic molecules or particles conjugated to antibodies or 
other molecules or particles known to bind to cells or cellular 
components. Antibodies are often used as label components 
because of their ability to target specific cell types. Other 
reactive label components that can serve as alternatives to 
antibodies include, but are not limited to, genetic probes, 
dyes, fluorochromes, proteins, peptides, amino acids, Sugars, 
polynucleotides, enzymes, coenzymes, cofactors, antibiotics, 
steroids, hormones or vitamins. The label often generates a 
measurable signal, which can be detected with or without 
some kind of stimulatory event and can be used to detect the 
presence of bound label and possibly quantitate the amount of 
bound label in a sample. Furthermore, the label may be a 
detectable intrinsic property of the cell, such as cell size or 
morphology, which is detectable, for example, by measuring 
light scattering characteristics. The label may be directly 
detectable or indirectly detectable or operate in conjunction 
with another label. For further examples of labels see those 
listed in Handbook of Fluorescent Probes and Research 
Chemicals, 9th Ed., Molecular Probes, Inc. Eugene, Oreg. In 
one embodiment, the protein is labeled with an antibody. In 
one embodiment, the cell sorting technique comprises the use 
of fluorescence activated cell sorting, or FACS to separate the 
labeled cells from the non-labeled cells. Other cell sorting 
techniques are well-known to those of ordinary skill in the art, 
and may be employed in the methods of the current invention. 
The present invention contemplates various species of the 

pluripotent stem cell derived ODPCs using the method of the 
present invention, including but not limited to human neural 
stem cells or cell culture, mouse neural stem cells or cell 
culture, rat neural stem cells or cell culture, and other species. 
Because the ODPCs produced using the present invention 
method do not form teratomas after transplanting them to a 
host brain, the human ODPCs derived from human pluripo 
tent cells using the methods of the present invention have a 
variety of uses. In particular, such human ODPCs can be used 
as a source of nuclear material for nuclear transfer techniques, 
and used to produce cells, tissues or components of organs for 
transplant. 

Furthermore, the ODPCs produced by the present inven 
tion or the cell culture enriched with the ODPCs can be 
therapeutically transplanted into the brain of a subject 
because the ODPCs produced by the present invention of the 
present invention do not form or are substantially free from 
teratomas in the host brain after they are transplanted into the 
host brain. As used herein, the term “substantially free from 
teratomas formation” means after transplantation of the 
ODPCs of the present invention to a host brain, the formation 
ofteratomas is at a greatly reduced frequency with a clinically 
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acceptable outcome. In certain embodiments, the ODPCs or 
the cell culture enriched with these ODPCs of the present 
invention do not induce the formation of teratomas at a sig 
nificant rate or do not induce teratomas formationatall. More 
particular, “substantially free from teratomas formation 
means 0%, 1% or less, 5% or less, 10% or less, 15% or less, 
and 20% or less formation of teratomas after transplantation 
of the ODPCs produced by the present invention into a host 
brain. 

The invention contemplates that the human sphingolipid 
enhanced neural stem cells (hSENSe) or human induced oli 
godendrocyte precursor cells (hiODPCs) of the present 
invention can be used in human cell therapy or human gene 
therapy to treat a patient having a neural disease or disorder, 
including but not limited to nerve degeneration diseases, for 
example, Alzheimer's disease (familial Alzheimer's disease, 
early-onset Alzheimer's disease, sporadic Alzheimer's dis 
ease etc.), Parkinson's disease, Down's syndrome, amyo 
trophic lateral sclerosis, prion disease Creutzfeldt-Jakob dis 
ease, Huntington's disease, diabetic neuropathy, multiple 
sclerosis etc. brain function disorders (for example, cerebral 
infarction, cerebral hemorrhage, Subarachnoid hemorrhage, 
ischemic cerebral disease, epidural hematoma, Subdural 
hematoma etc.), cancers (for example, astrocytoma, oligo 
dendrocytoma etc.), immune diseases infection diseases (for 
example, meningitis, protozoan infection, rickettia infection, 
protozoa metazoan infection, bacterial or viral meningitis 
Such as Boma disease, encephalitis after vaccine inoculation, 
dementia associated with AIDS, etc.), alimentary diseases, 
circulatory diseases, endocrine diseases etc. 
The cells can also be used in treatment of nervous system 

injuries that arise from spinal cord injuries, stroke, or other 
neural trauma or can be used to treat neural disease and 
damage induced by Surgery, chemotherapy, drug or alcohol 
abuse, environmental toxins and poisoning. The cells are also 
useful in treatment of peripheral neuropathy Such as those 
neuropathies associated with injury, diabetes, autoimmune 
disorders or circulatory system disorders. The cells may also 
be used to treat diseases or disorders of the neuroendocrine 
system, and autonomic nervous system including the sympa 
thetic and parasympathetic nervous system. 

In certain embodiments, a therapeutically effective amount 
of the human sphingolipid enhanced neural stem cells 
(hSENSe) or human induced oligodendrocyte precursor cells 
(hiODPCs) or cell culture enriched with such neural stem 
cells is administered to a patient with a neural disease. As used 
herein, the term “therapeutically effective amount” refers to 
that number of cells which is sufficient to at leastalleviate one 
of the symptoms of the neural disease, disorder, nervous 
system injury, damage or neuropathy. In a preferred embodi 
ment, the neural disease is multiple Sclerosis. 
The human sphingolipid enhanced neural stem cells 

(hSENSe) or human induced oligodendrocyte precursor cells 
(hiODPCs) of the invention can also be used in testing the 
effect of molecules on neural differentiation or survival, in 
toxicity testing or in testing molecules for their effects on 
neural or neuronal functions. This could include screens to 
identify factors with specific properties affecting neural or 
neuronal differentiation, development, Survival, plasticity or 
function. In this application the cell cultures could have great 
utility in the discovery, development and testing of new drugs 
and compounds that interact with and affect the biology of 
neural stem cells, neural progenitors or differentiated neural 
or neuronal cell types. The neural cells can also have great 
utility in studies designed to identify the cellular and molecu 
lar basis of neural development and dysfunction including but 
not limited to axon guidance, neurodegenerative diseases, 
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neuronal plasticity and learning and memory. Such basic 
neurobiology studies may identify novel molecular compo 
nents of these processes and provide novel uses for existing 
drugs and compounds, as well as identify new drug targets or 
drug candidates. 
The human sphingolipid enhanced neural stem cell 

(hSENSe or hiODPCs) or the human cell culture enriched in 
Such neural cells produced by the present invention may 
disperse and differentiate in viva following brain implanta 
tion. In particular, following intraventricular implantation, 
the cell can be capable of dispersing widely along the ven 
tricle walls and moving to the sub-ependymal layer. The cell 
can be further able to move into deeper regions of the brain, 
including into the untreated (e.g., by injection) side of the 
brain into sites that includebutare not limited to the thalamus, 
frontal cortex, caudate putamen and colliculus. In addition 
the human sphingolipid enhanced neural stem cells (hSENSe 
or hiODPCs) or the human cell culture enriched in such 
neural cells can be injected directly into neural tissue with 
subsequent dispersal of the cells from the site of injection. 
This could include any region, nucleus, plexus, ganglion or 
structure of the central or peripheral nervous systems. In 
certain embodiments, following brain implantation, the 
hSENSe or hiODPCs or the human cell culture enriched in 
Such neural Stein cells produced by the present invention 
induce no or is Substantially free from teratoma formation. 
The invention further provides a method of treating a 

patient with a neural disease, comprising administering to the 
patientatherapeutically effective amount of a ceramide com 
pound an analog, a functional equivalent or homologue, iso 
mer, or pharmaceutically acceptable salt thereof in conjunc 
tion with a sphingosine-1-phosphate receptor agonist, S1P 
activator or modulator, an S1P/FYT720 analog, functional 
equivalent or homologue, isomer, or pharmaceutically 
acceptable salt thereof wherein the combination of the cera 
mide compound and the sphingosine-1-phosphate receptor 
agonist, in order to promote endogeneous neural stem cells to 
differentiate to glial precursor cells, in particular oligoden 
drocyte precursor cells, which do not form or are substantially 
free from teratomas, and are capable of further differentiating 
into neuronal and glial cell types, such as dendrocytes, in the 
patient. 

Throughout this application, various publications are ref 
erenced. The disclosures of all of these publications and those 
references cited within those publications in their entireties 
are hereby incorporated by reference into this application in 
order to more fully describe the state of the art to which this 
invention pertains. The following examples are not intended 
to limit the scope of the claims to the invention, but are rather 
intended to be exemplary of certain embodiments. 

EXAMPLES 

Example 1 

In Vitro Differentiation of ES Cells and Analysis of Mark 
ers for Differentiation 

Pre-implantation blastocyst-derived ES cells (ES-J1. 
Rosa26, E14) were grown on Y-irradiated feeder fibroblasts, 
and neural differentiation was induced by serum deprivation 
of EBs as previously described. Attached EBs were dissoci 
ated and EB-derived cells (EBCs) plated on polyornithin/ 
laminin-coated dishes. At this stage, cells were grown in 
DMEM/F12 supplemented with N2 and FGF-2 (EB 
medium). EBCs acquire all characteristics of genuine NPCs, 
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including expression of nestin. Sox1, and FGFR1. In the 
presence of FGF-2, NPCs can be dissociated and propagated 
at >80% homogeneity. 

This protocol was modified using S18 or S1P (or its ana 
logs) for incubation of differentiating ES cells at the EB stage 
prior to and after dissociation. After incubation with 50-100 
uMS18 and/or 0.1-2 uMS1P or S1P analogs for 48 h, EBCs 
were dissociated and then immediately re-plated, and further 
incubated with NP medium supplemented with 50-100 uM 
S18 and 0.1-2 uM S1P or S1P analogs. NPCs were either 
transplanted into brain or spinal cord or in vitro differentiated 
in differentiation medium. 
Media Composition: 
EB medium: Composition for 100 ml medium: 95 ml of 

DMEM/F1250/50 mix; 1 ml of penicillin, streptomycin, and 
antifungizide; 1 ml of L-glutamine (100x); 1 ml of non 
essential amino acid mixture (100x); 1 ml of N2 supplement 
(100x) 
NP medium: Composition for 100 ml medium 
EB medium supplemented with 1 lug basic fibroblast 

growth factor 
Differentiation medium: Composition for 100 ml medium 
NP medium supplemented with 2 ug endothelial growth 

factor (EGF) and 1 lugplatelet-derived growth factor (PDGF). 
Terminal differentiation medium (optional): Composition 

for 100 ml medium 
EB medium supplemented with 30 nM TH3. 
For incubation with S18 and S1P (or S1P) analogs add: 

50-100 uM S18; 0.1-2 uM S1P or S1P analogs (FTY720, 
SEW2871, VPC24191 or related compounds) to EB and NP 
medium. The incubation time can vary from 24-72 h. 

Differentiation markers: The following markers were used 
to monitor the differentiation of ES cells and ES-cell derived 
NPs: undifferentiated and pluripotent ES cells: SSEA-1 (sur 
face, mouse), Oct-4. Neural lineage from PS cells: neural 
progenitor cells: vimentin, nestin. PSA-NCAM (surface). 
FGFR1 (fibroblast growth factor receptor, surface), Sox1; 
neuron-restricted precursors (NRPs): E-NCAM (surface); 
glial-restricted precursors (GRPs): A2B5 (surface); neurons: 
B-tubulin 3, MAP2a/b, NeuN, synaptophysin; astrocytes: 
GFAP; and oligodendrocytes: GalC, O1, O4 (surface), MBP 
(myelin basic protein). Mesodermal and hematopoietic lin 
eage, and others: mesodermal, desmin, hematopoietic stem 
cells: CD45 (surface), smooth muscle cells: SMA, MLCK 
(myosin light chain kinase); osteoblasts: Runx2. 

Controls always include RT-PCR and immunocytochem 
istry for markers of the desired cell type, but also for the 
undesired ones to test homogeneity of the culture. Statistics 
was performed using Students t-test and Chi-distribution 
analysis as extensively described in the publications. Further, 
the type of neurons differentiated from mouse or human ES 
cells were characterized using the following antibodies 
(Chemicon): anti-glutamate transporter (glutamatergic), anti 
tyrosine hydroxylase (dopaminergic), anti-glutamate decar 
boxylase (GABAergic), anti-choline acetyltransferase (cho 
linergic), anti-serotonin (serotonergic), 
immunocytochemistry is routinely used, and experimental 
details can be found in recent publications. 
RT-PCR for differentiation markers: Total RNA was pre 

pared from NPCs using Trizol R reagent following the manu 
facturers (Life Systems) protocol. First strand cDNA was 
synthesized using Omniscript(R) RT Kit according to the 
manufacturer’s (Qiagen) protocol. The amount of template 
from each sample was adjusted until PCR yields equal inten 
sities of amplification for GAPDH. All real time PCR reac 
tions were performed using iQ SYBR Green Supermix and 
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iCycler real time PCR detection system (Biorad). They were 
normalized to the generation of equal amounts of GAPDH 
amplification product. 

Differentiation markers were tested by RT-PCR using 
primer sequences that are species-specific. For instance, 
GAPDH was used for housekeeping gene for standardization. 
t3/4 and PAR-4 were used for quantitation of residual naive 
stem cells to compare the efficacy of S18 to eliminate ter 
atoma-forming cells. Nestin was used for qantitation of neu 
roprogenitors to compare the efficacy of S18 to promote 
neural, neuronal or glial differentiation. GFAP was used for 
quantitation of glial cells. MBP was used for quantitation of 
oliogodendrocytes (myelin formation) differentiated from 
stem cells (can also be used in shiverer mouse). Map-2 was 
used for quantitation of neuronal cells, and Myf5 and AFP 
were used for quantitation of teratoma formation. Myf-5 may 
also react with mouse, however, expression interatoma. 
Human ES cells: The NIH-1-registered human ES cell line 

BG01 was purchased from Bresagen. The karyotype was 
analyzed and found to be normal (46, XY). The protocols also 
apply to other human ES cell lines and iPS cells. Undifferen 
tiated ES or iPCs cells were propagated on Y-irradiated MEFs 
and manually passaged by cutting out and transferring only 
colonies that appear morphologically undifferentiated 
(smooth edges). The undifferentiated ES cells were cultivated 
in MEF-conditioned DMEM/F12/20% knockout Serum 
replacement (KSR) medium Supplemented with non-essen 
tial amino acids (0.1 mM), B-mercaptoethanol (0.1 mM), and 
L-glutamine (2 mM). Only FGF-2 (fibroblast growth factor 
2, Sigma F-0291, 4 ng/ml) was added, but not leukemia 
inhibitory factor (LIF), as opposed to mouse ES cells that 
need LIF to stay undifferentiated. ES colonies were taken up 
with a pipettor and transferred to fresh feeder fibroblasts. To 
prepare embryonic bodies (EBs), colonies were detached 
from feeder fibroblasts. Human ES colonies were briefly (1-2 
min) incubated with collagenase IV (1 mg/ml medium), fol 
lowed by incubation with 0.05% trypsin/EDTA. The colonies 
were rinsed off and the trypsin immediately neutralized by the 
addition of medium with 10% ES cell qualified fetal bovine 
serum (FBS). Human ES cell clusters were then transferred to 
bacterial dishes pre-coated with 0.3% agarose to prevent 
attachment of the colonies and to generate EBs in Suspension 
culture. After 96 h. EBs were manually broken up, transferred 
to tissue culture dishes (coated with poly-ornithine/laminin), 
and further cultivated in serum-free DMEM supplemented 
with N2 or ITS (insulin, transferrin, selenite) and EGF-2 (8 
ng/ml). At this stage, S18 and/or S1P were added and further 
procedures were performed as described for mouse ES cells. 

Example 2 

Mouse Models for Myelin Deficiency 

Mice that have neurodevelopmental defects were used to 
quantify the differentiation and functional integration of the 
grafted cells. Myelin-deficient mice allowed for the quantita 
tion of graft-derived, myelin-specific protein (e.g., myelin 
basic protein (MBP), phospholipid protein (PLP)) using RT 
PCR, immunoblot, or immunocytochemistry with post-trans 
plantation tissue samples that contained fluorescently labeled 
cells. Two mouse models for myelindeficiency were obtained 
from Jackson Laboratories: shiverer (MBP deficiency, 
C3Fe.SWV-Mbp'/J) and quaking (MAG splicing defi 
ciency, B6C3Fea?a-Qk/J). Cross breeding of shiverer and 
quaking has been shown to generate shi/qk double mutant 
mice that do not contain any central nervous system myelin. 
These mice live at least 100 days, which exceeds the period of 
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myelin formation from grafted cells and allow for functional 
tests to quantify tissue recovery due to myelin regeneration 
(e.g., HPTLC for myelin-specific sulfatide or by immunob 
lots for MBP). 

Example 3 

Transplantation of NPCs and Quantification of 
Engraftment and Differentiation 

NPCs (treated or not-treated with S18 and/or S1P or S1P 
analogs) were used for transplantation into the striatum of 
6-12 days old C57BL/6 mice by intracranial injection 
(bregma -1 mm, right hemisphere 2 mm off Suture, 2 mm 
deep) of 10 cells in 5ul of 0.9% sterile saline solution using 
a Hamilton Syringe. The protocol also applied to adult brain or 
spinal cord with appropriate modifications to engraft cells. 
Cell survival and engraftment of NPCs with C57 wild-type 
mice were initially tested. Once having Successfully estab 
lished engraftment, the myelin-deficient mice were used. 
Equal numbers of viable untreated and treated cells were 
transplanted as determined by trypan blue staining. In previ 
ous studies, no labeled cell material was found in areas other 
than the injection site when dead cells were injected, demon 
strating that any distribution different from the injection site 
is due to migration of the grafted cells (58). 

To confirm that differentiated cells were derived from the 
grafted NPCs, ES cells that express GFP were used and count 
double-labeled (Vybrant CM-diI and GFP(+)) in cryostat 
sections. Double-labeling indicates that cells are alive (they 
express GFP), but did not proliferate (they maintain Vybrant 
CM-di) staining. A signal detected for GFP but not for 
Vybrant CM-diI indicates that cells proliferated (Vybrant 
CM-diI was distributed to daughter cells) and may have 
formed a tumor (teratoma). Cells that are double-labeled, but 
do not show immunocytochemistry typical for differentiated 
cells (e.g., staining for myelin markers) are counted as NPCs 
that survived (% cell survival, parameter 1), but did not dif 
ferentiate (parameter 2). Double-labeled cells that show 
immunocytochemistry typical for differentiated cells are 
counted as cells that survived and differentiated. 10 cells 
from each group were injected in each of 10 mouse pups. 
Mice were then sacrificed 29 or 64 days after injection, the 
brains extracted, fixed with 4% p-formaldehyde and sec 
tioned with a cryostat instrument (100 slides with 400 sec 
tions/brain (4 sections/slide, each section 10um thick). Every 
tenth slide was analyzed for Vybrant CM-diI and GFP fluo 
rescence. Immunostaining was also performed with slides 
that show fluorescence signals. 

Photographs were taken and cells counted using imaging 
software (Image Pro) by blinded examiners (double-blind 
test). The statistical significance of differences in the four 
groups was tested using the t-test. For this purpose, two 
groups were compared: untreated with treated NPCs (1+2 
compared with 3+4), and within treated NPCs, groups 3 and 
4 were compared. The studies provided that untreated cells 
form teratomas, while treated cells differentiate. 

Example 4 

Induced Oligodendrocyte Precursors (iOPCs) and 
Included Neuronal Precursors (iNPCs) by Treatment 
of Stem Cells With the Ceramide S18 and FTY720 

It is highly desired to develop protocols for the preparation 
of neural progenitor or precursor cells (NPCs) that do not 
form teratomas, but functionally integrate into the host brain. 
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The ceramide analog N-oleoyl serinol (S18, FIG. 5) was 
shown to specifically eliminate teratoma-forming cells from 
an embryonic stem (ES) cell graft, however, it was also shown 
that a distinct population ofuseful NPCs, called NPC2, is also 
eliminated by S18 (FIG. 4B). 

It was found that these NPCs express the sphingosine-1- 
phosphate (S1P) receptor S1P1 (Edg-1), an activator for pro 
survival signaling pathways (FIG. 4A). Consistently, S1P or 
the S1P analog FTY720 rescue S18-sensitive NPCs from 
apoptosis. In cell culture and after transplantation into mouse 
brain, S18 and S1P or FTY720-treated NPCs undergo oligo 
dendroglial differentiation and express myelin-specific mark 
ers (FIG. 6). In vitro, treatment with a combination of S18 and 
S1P or S1P analogs (FTY720, VPC24191, SEW2871) 
increases the number of oligodendrocyte precursors 
(ODPCs) by about 20-fold (Table 1). The data in table 1 show 
a generation of iODPCs, providing that S1P (1 uM), S1P1 
agonists VPC24191 or SEW2871 (300 nM), and the agonist 
pro-drug FTY720 (300 nM) elevate the number of ODPCs. 
The data in Table 1 also show that the S1P1 antagonist 
VPC23019 (2 uM) inhibits the effect of S1P and FTY720, 
indicating that the pro-survival effect of S1P required activa 
tion of S1P1 (n=4 independent experiments). This observa 
tion was unexpected and novel, because it has not been shown 
before that combined treatment with S18 and S1P analogs can 
enrich for ODPCs. 

TABLE 1 

ODPCs 

% of total cells 

Control (untreated) 1 +/- 1% 
S1P 12+/- 3% 
FTY720 24 +/- 5% 
WPC24.191 28 +f- 5% 
SEW2871 18+f-3% 
S1P - VPC23019 2 +/- 1% 
FTY720 VPC23019 11 +/- 2% 
FTY720 SKI 2 +/- 1% 

To quantify cell lineage restriction and determine the time 
line of differentiation, the effect of S18 and FTY720 on ES 
cells that express GFP was tested under control of an ODPC 
specific transcription factor (Olig2). ODPCs express GFP and 
appear green in living cells, while other cells remain uncol 
ored. The number of green (ODPCs) and uncolored cells was 
determined by flow cytometry. It was found that treatment 
with S18 and FTY20 increased the number of ODPCs by 
20-fold (consistent with the results in Table 1), and it 
enhanced differentiation (by 2-fold) of neuronal (restricted) 
precursor cells (NRPCs) that differentiate into neurons 
(FIGS. 7-12). Because amplification of these precursor cells 
is induced by S18 and FTY720, these neuronal precursor cells 
were also termed as induced ODPCs (iODPCs or iOPCs) and 
NRPCs (iNRPCs). Because iODPCs can potentially myeli 
nate neurons and are 10-fold more enriched than iNRPCs, the 
iODPCs were further characterized. 

It was found that iODPCs express two markers of further 
oligodendroglial differentiation (O4 and myelin basic protein 
or MBP) and proliferate (FIGS. 9-11). They also engraft into 
brain and undergo oligodendroglial differentiation (FIG. 12). 
These data suggest that the combined administration of S18 
and S1P (or S1P analogs such as FTY720) eliminates residual 
pluripotent, teratoma forming cells from stem cells and pro 
motes Survival and differentiation of iODPCs and iNRPCs 
that engraft into the host brain and restore neuronal function 
and myelination. 
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Therefore, the defined NPCs derived from the ES cells, 
induced pluripotent stem (iPS) cells, or other stem cells using 
the technologies disclosed herewith can be used to eliminate 
teratoma forming cells and to enrich for precursor cells. It can 
also be applied to adult stem cells to promote neuronal and 
oligodendroglial differentiation. Such procedures and/or 
technologies to generate defined NPCs will pave the way for 
safe and controlled stem cell therapy (e.g., of spinal cord 
lesion, traumatic brain injury) using ES or iPS cells. 
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I claim: 
1. A cell culture comprising a cell culture medium com 

prising a ceramide compound in combination with a S1P 
receptor agonist, wherein said cell culture is enriched with 
oligodendrocyte precursor cells (ODPCs) capable of further 
differentiating into oligodendrocytes in Vivo without forming 
teratomas, wherein said ceramide compound is N-(2-hy 
droxy-1-(hydroxymethyl)ethyl)-oleoylamide (S18), and 
wherein said S1P receptor agonist is selected from the group 
consisting of 2-amino-2-2-(4-octylphenyl)ethylpropane-1, 
3-diol (FTY720), (S)-phosphoric acid mono-2-amino-3-(4- 
octyl-phenylamino)-propylester (VPC24191), and a tet 
raaromatic compound SEW2871. 

2. The cell culture of claim 1, wherein the ODPCs have 
Stellate morphology similar to endogeneous neural stem cells 
found in adult brain, and do not express Oct-4 marker, but 
express neural stem cell markers selected from the group 
consisting of nestin, Sox2, Sphingosine kinase 2 (SK2), the 
S1P receptor 1 (S1P or Edg1), EGF receptor (EGFR), and 
cyclic nucleotide phosphatase (CNPase). 

3. The cell culture of claim 1, wherein the ODPCs further 
express oligodendrocyte precursor markers selected from the 
group consisting of A2B5, GFAP, and NG2 proteoglycan. 

4. The cell culture of claim 1, wherein the ODPCs can 
further be differentiated to oligodendrocytes which express 
oligodendrocyte differentiation markers selected from the 
group consisting of O4, GFP, and myelin basic protein 
(MBP). 

5. The cell culture of claim 1, wherein said S18 ceramide 
compound is in a concentration of approximately 1 uM to 
approximately 500 uM. 

6. The cell culture of claim 1, wherein the S1P receptor 
agonist is in a concentration of approximately 10 nM to 
approximately 500 nM. 

7. The cell culture of claim 1, wherein said S1P receptor 
agonist is 2-amino-2-2-(4-octylphenyl)ethylpropane-1,3- 
diol (FTY720). 

8. The cell culture of claim 1, wherein said ODPCs are 
derived from a differentiated stem cell that has been in contact 
with said cell culture medium for approximately 6 hours to 
approximately 10 days. 

9. The cell culture of claim 8, wherein said stem cell is an 
embryonic or adult-derived stem cell. 

10. A cell culture enriched with oligodendrocyte precursor 
cells (ODPCs) capable of further differentiating into oligo 
dendrocytes in vivo without forming teratomas, wherein said 
cell culture is prepared by the process of contacting said cell 
culture with a cell culture medium comprising a ceramide 
compound and a S1P receptoragonist, wherein said ceramide 
compound is N-(2-hydroxy-1-(hydroxymethyl)ethyl)-oleoy 
lamide (“S18) and wherein said S1P receptor agonist is 
selected from the group consisting of 2-amino-2-2-(4-oc 
tylphenyl)ethylpropane-1,3-diol (FTY720), (S)-phosphoric 
acid mono-2-amino-3-(4-octyl-phenylamino)-propylester 
(VPC24191), and a tetraaromatic compound SEW2871. 

11. The cell culture of claim 10, wherein the ODPCs have 
Stellate morphology similar to endogeneous neural stem cells 
found in adult brain, and do not express Oct-4 marker, but 
express neural stem cell markers selected from the group 
consisting of nestin, Sox2, Sphingosine kinase 2 (SK2), the 
S1P receptor 1 (S1P or Edg1), EGF receptor (EGFR), and 
cyclic nucleotide phosphatase (CNPase). 

12. The cell culture of claim 10, wherein the ODPCs fur 
ther express oligodendrocyte precursor markers selected 
from the group consisting of A2B5, GFAP, and NG2 pro 
teoglycan. 
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13. The cell culture of claim 10, wherein the ODPCs can 
further be differentiated to oligodendrocytes which express 
oligodendrocyte differentiation markers selected from the 
group consisting of O4, GFP, and myelin basic protein 
(MBP). 

14. The cell culture of claim 10, wherein said S18 ceramide 
compound is in a concentration of approximately 1 uM to 
approximately 500 uM. 

15. The cell culture of claim 10, wherein the S1P receptor 
agonist is in a concentration of approximately 10 nM to 
approximately 500 nM. 

16. The cell culture of claim 10, wherein said S1P receptor 
agonist is 2-amino-2-2-(4-octylphenyl)ethylpropane-1,3- 
diol (FTY720). 
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17. The cell culture of claim 10, wherein said ODPCs are 

derived from a differentiated stem cell that has been in contact 
with the cell culture medium comprising a ceramide com 
pound and a S1P receptor agonist for approximately 6 hours 
to approximately 10 days. 

18. The cell culture of claim 17, wherein said stem cell is an 
embryonic or adult-derived stem cell. 

19. The cell culture of claim 8, where the stem cell is 
selected from the group consisting of pluripotent stem cell, 
multipotent stem cell, totipotent stem cell, embryonic stem 
(ES) cell, inducted pluripotent stem cell (iPS) derived from 
either a pluripotent cell or a non-pluripotent cell, and any 
stem cell derived from fetal or adult tissue. 
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